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PREFACE

This report brieflv describes the activities and accomplishments
of the JPL Electric and Hybrid System Research and Development Project
from its inception in 1977 to its conclusion in 1984. The major find-
ings and lessons learned are viewed from an historical perspective
dealing with hroad issues which cut across the various technical
disciplines. Many specific near-term and long-term recommendations are
offered in the hope that programmatic insight and future planning can
benefit from their discussion.
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EXECUTIVE SUMMARY

A. PROJECT SCOPE AND RESPONSIBILITIES

Thea JPL Rlectric and Hybrid Vehicle System Research and Develop-
ment Project was established in the sprina of 1977. Originally admin-
istered by the Fnerqy Research and Develcrpment Administration [ERDA}
and later by the Electric and Hyhrid Vehicle Division of the U.S.
Department of Enerqgy [DOE}, the overall Program ohjective was to
decreasa this nation's dependence on foreign petroleum sources by
developing the technoloygies and incentives necessary to bring electric

and hybrid vehicles successfully into the marketplace. The ERDA/DOE
Frogram structure was divided into two major elements: (1) technology

research and system development and (2) field demonstration and market
development. The Jet Propulsion Laboratory [JPL] has been one of
several field centers supporting the former Program element. In that
capacity, the specific historical areas of responsibility have been:

(1) Vehicle system developments

(21 Syst:m integration and test

(3) Supporting subsystem development
(4) System assessments

(5) Simulation tool development

1. Vehicle System Development

In order to investigate the performance potential and economic
viability of an advanced electric vehicle that could be put into pro-
duction in the 19803, JPL became technical manager for two contracts to
design and build integrated test vehicles. Although no major techno-
logical breakthroughs were sought, the "ground-up" approach allowed the
use of system engineering principles never before applied to electric
vehicle developments. The two contracts complimented each other in
that one used a sophisticated control with conventional drive approach
(General Electric/Chrysler, ETV-1) and the other (Garrett AiResearch,
ETV-2) incorporated a more complex electromechanical flywheel for
increased performance and potentially longer battery life. The ETv-1,
delivered to JPL in the fall of 1980, has since become the standard

against which all other electric vehicle developments or concepts are
measured.

Due to the range limlitation exhibited by electric vehicles, they
will not be dAirectly competitive with general-purpose conventional
vehicles. To exploit that market, where the majority of foreign petro-
leum in presently consumed, the hyhrid vehicle concept waa investigated
with a third integqrated test vehicle contracnt, The General Rleactric

hybrid test vehicle delivered to JPL in 1983 uses two power sgources (an




alactric motor and 4 heat engine) in a paraliel canfiquration promising
atqnificsat patroleum savings ovear convantinnal internal combustion
Aangine vehllcles In represantative annunal abae pattarnas.,

2. Sydatem Tntagration and Test

Many new tachnolongies and diaciplines rew out of the space
program as several painful lesaona were learnad anroute tao developing
anecessful apacecraft,  The concept of system-intagrated testing {s a
prime example. The Jet Propulsion Laboratory and others found out
early on that the practice of bringing togethor aven carefully designed

subsystems for final assembly and check-out always resulted in the
discovery of unanticipated and nften very challenging new problems due
to "system interactions". The development of sophisticated electric
and hybrid vehicles poses many of the same generic problems aund can,

therefore, benefit substantially from an integrated approach to system
analysis, design and testing.

System testing at JPL has taken two forms:

(1) The investigation and evaluation of a particular

componer:t or subsystem (e.g., developmental batteries)
in the system environment.

(2) The test and evaluation of the integrated vehicle
gystem

Because of the variable nature of the natural outdoor environment,
and the requirement for consistent engineering-quality data, vehicle
system testing was performed on a chassis dynamometer. However,
precision coastdown testing was performed on an outdoor track under
controlled conditions in order to properly establish and set-up the
dynamometer loss mechanisms. Results from these tests were fed-back to
the industry and LOE, providing a credible evaluation of technology

strengths and weaknesses, as a part of an integrated development
process.
3. Supporting Subsystem Development
The Jet Propulsion Laboratory identified several subsystem
elements (other than the propulsion components addressed by other field
centers) requiring development for technology-transfer. These included:
(1) Vehicle mass reduction
(2) Rrad=load reduction
(3) Environmental control (passenger area)

(4) Battery charger and state-of-charge indication

(5) Battery packaging impact on vehicle dynamics




A Vaehiclea Mass Reduction

F.Htif‘rmﬂmmﬂ. farmance ia dlrectly related to the mass of the
vehicle. Although generally assoclated with improved acceleration
parformance, mana reduction payn handsone dividends through redoeed
braking, hetter gradability and lower rolling lnased an well, Elactrie
vehicrlaea rend ta be glgnificant ly heaviar than thelr cooventional
counterparta due primartly to the low apecific ennrqy of the hattery
mubayatem and the additional arracture to sanppart it. Ry the aamn
token, a pound of waight gaved {8 aven more advantageous to an nlactrie
vehicla, With thisg incentive in mind, an activity wan defined to
develop and demonstrate the production faasihility of coat.competitive
lightweight compogite matarial antomotive components by investigating
improved fabrication concepts. A contract with the Budd Company
demonstrated a new design/fabrication approach using continuous fiber
material to reinforce a general chopped glass compnsite structure.

This resulted in a door structure demonstrating a 43% weight savings
through direct substitution and parts consolidation.

b. Road-i.0zd4 Reduction

Aerodynamic drag and rolling resistance account for most of the
dissipative loss experienced by a vehicle in m zion. At a gsteady 45
mph, the road-load power requirement is approximately evenly divided
between drag and rolling losses. Even over a low apeed driving cycle,
such as the SAE J227a D cycle, nearly 70% of the road-energy may be
consumed by these mechanisms. Although these facts were understood by
the established automotive community, little information was available
to electric vehicle manufacturers to improve their aerodynamic
designs. For these reasons, an activity was defined to refine this
technology and present application principles in a format that was
useful to the electric vehicle developers. This task culminated in a
guidebaok for the aerodynamic design of electric and hybrid vehicles
using a system approach.

Ce Environmental Control

It has been argued that for eiectric vehicles to succesafully
compete in the marketplace, they must offer the same level of comfart
as their conventional counterparts. For many areas of the country, air
conditioning is considered to be a necessity. The power requirements
of conventional air conditioning subsystems however, would have a

severe impact on electric vehicle performance. For these reasons, JPY,
inveatigated several alternative solutions and found that precisely

hecause of an electric vehicle's limited daily range, certain nffbhoard

coolant charging schemes were feasible which would dramatically
decrease onboard enerqgy requirements.

d. Battery Charqer and State-of Charqge Tndication

Operating any vehicle with an unknown ampunt of fuel lis always
unsettling. Given the limited energy storagqe and slow recharge of an




elactric vehicle, an inacoarate "fual" qagie Ia aven less accept able
than far convantinnal vehicles. Remaining rangs ia a complex functlon

of many parameters foouding mont. _recont charge experisnce and
projected rate of diachéan. A task wan, tharafore, undertaken to
daeaigqn, bulld and test an Inteqrared battary charger/uatate-aof -charge
indiecator. A contracted offort with Gould, Tr:., resulted in a
successful satate-of-charge Indicator and a hattary charger requlring
additional davelopment, The state-of-charge indicator L8 now baing
npgraded for inteqration, inatallatlion, and avaluation In two aervice

vahicles ownad hy General Talephone and Electronlcs,

a, Batter'r Packaging Tmpact on Vehicle Dynamics

At the conclusion of a preliminary vehicle design exercise, the
subsystem and component performance specifications are established.
Before a successful system can be integrated, however, a packaging
design effort must be performed. Since batteries are not only a large
volume item but constitute a significant portion of the vehicle mass,
their influence upon vehicle dynamics was studied. Corract weight
distribution is the single most important factor in achieving
acceptable vehicle handling characteristics. A contract with Pioneer
Engineering resulted in the conclusion that high front-weight-bias
vehicles can be tailored to achieve acceptable handling characteri- ¢ ‘'~
whareas high rear weight bias vehicles present severe handlin.
penalties which cannot be overcome.

4, System Assessments

One of the more importan* roles played by any organization having
system guidance responsibility is the performance of periodic
assessments. These can take any form from strategy, planning, and goal
development exercises to review and evaluatioa of technology status.
Often these views are combined in order to provide the insight
necessary to efficiently focus program resources. The Jet Propulsion
Laboratory has performed four major electric and hybrid vehicle
assessment tasks since 1978:

(1) The 1978 electric and hybrid vehicle state-of-the-art
assessment

(2) The hybrid vehicle potential assessment
(3) The ad-anced vehicle system assessment
(4) The hybrid vehicle assessment
A The 1978 Electric and Hybrid vehicle State-of-the-Art
As3essment

The 1978 electric and hybrid vehirle atata-of-the-art Aggesamant
was an extension of the 1977 assessment conducted hy Lewis Research




Canta~ to evaluate the tachnoloqgy status and market readiness of
electri~ and hybrid vehicle concepts. It was based upon site visits to
usars, minufacturers and administrative agencies in the United States,
the Unitwd Kingdom, Germany, France, Italy and Japan.

b. The Hybrid Vehicle Potential Assessment

The nultiyear hybrid vehicle potential assessment initiated in
1977 investigated the potential petruleum savings achievable if hybrid
vehicles were introduced into the national fleet. Technology needs and
development requirements were evaluated against various socioeconomic
and political scenarios involving predictiocias of future fuel pricing
and market penetration. The results of this study provided the
justificacion to embark on the hybrid vehicle program resulting in the
General EBlectric hybrid test vehicle.

Ce The Advanced Vehicle Systems Assessment

The advanced vehicle system assessment was the broadest and most
comprehensive study performed in support of the DOE Electric and Hybrid
Vehicle Program. Using a top-down approach, its purpose was to
identify personal transportation needs in the 1990s, investigate the
potential improvements in alternative technologies and marry the two in
order to focus resources on the most viable paths. The effort was
begun in late 1980 and concluded in 1984. It was highly interactive in
the sense that field center activities were integrated and review
forums were provided throughout the study period.

d. The Hybrid Vehicle Assessment

Because it was recognized during the advanced vehicle assessment
that there were literally hundreds of feasible hybrid configurations, a
gseparate activity was initiated in 1981 devoted to the investigation of
these options. Sharing much of the same data base with the advanced
vehicle assessment (mission analysis, energy storage technology, etc.)
this study quantified the energy and petroleum saving potential of the
most promising configqurations.

5. Simulation Tool Development

To support the assessments just described, the evaluation and
agsessment of test results and the design of prototype vehicles,
comprehensive vehicle/component simulation tools are absolutely
essential. Rather than building such a tool from scratch, JPL
contracted with General Research Corporation to highly medify a
previously existing program named ELVEC. The ELVEC program has been
continually expanded, improved and documented to meet the needs of the
various JPL, field center, and DOE activities on a national timeshare
system.




Other g8i mlation tools were developed by JPL to suppport more
specific activities. The HYVEC program, originally created to analyze
various design options of the¢ complex Garrett RETV~-2 electromechanical
flywheel powertrain, was further expanded to support the analysis of
even more complex hybrid vehicle confiqurations for the hybrid vehicle
assessment. Several smaller programs for cost and configuration
analyses were developed as needed.

B. MAJOR FINDINGS AND LESSONS LEARNED

During the course of this 7-yr project many studies, developments
and tests were completed. Each resulted in specific informauion or
conclusions which are well documented in the various deliverable
reports and other papers referenced in the body of this report. Moving
back "one level of abstraction”, the major findings and lessons
discussed herein deal with broad issues which cut across the various
technical disciplines.

(1) Strategic Plarning and Comprehensive Goal-Setting Are
Critical. Perhaps the single most important element in the
performance of any task is the development of the guiding
objectives and requirements. The cornerstone of these
objectives must be the strategic plan based upon the overall
program goals.

The DOE Electric and Hybrid Vehicle Program goal to reduce
this nation's dependence upon foreign petroleum, by
facilitating the introduction of electric and hybrid
vehicles into the national transportation fleet, has
remained constant:; the strategy adopted to achieve that goal
has not. The changing political environment (a malady often
faced by government-funded projects), has resulted in a lack
of continuity and focus in many areas.

(2) Successful EBlectric and Hybrid Vehicle Technology
Developments Must Address a Broad List of System Issues.
The term "research and development” is often used to
describe a single activity; however, the two terms have
quite different philosophical thrusts. Research is
exploratory in nature and is relatively unconstrained. The
transition to development occurs when some potential
application is identified. At that point the full
consequence of the system constraints should be applied.
Only in this way can a technology's potential strengths and
weaknesses be identified so that development efforts can be
intelligently focussed. The technology development
activities supported by the Program have all identified
electric and hybrid vehicles as a potential application.
Unfortunately, early efforts were often treated as research
projects or were developed around incomplete or
inappropriate system requirements., This has resulted in
major disappointments when components underwent system
testing. Shortcomings which should have been addressed




(3)

(3)

early in the development process had been overlaooked,
ignored, or inappropriately deferred. Nowhere does the
integrated system approach pay more handsome divicends than
in component and subsystem development. Tied by an unbroken
chain to the overall DOE electric and hybrid vehic..e goal
and strategic implementation plans, the subsystem
requirements are, in fact, derived from them. Man‘
evaluation loops are necessary in order to continually
verify or adjust this alignment.

The Technical and Economic Environment has Changed
Significantly Since the Start of tne Program. The DOE
Electric and Hybrid Vehicle Program was spawned in an
atmosphere of petroleum shortages and highly inefficient
vehicles. Against that backdrop, many believed that any
produceable electric vehicle would be quickly snapped up by
a public anxious tu get out of their gas guzzlers. In the
subsequent period, while the DOE and its field centers have
been hard at work, the international automotive community
has made gsome impressive improvements. In many ways the
competition may have moved faster than the electric and
hybrid vehicle state-of-the-art.

The high cost and shortage of gasoline, a major driver to
produce electric vehicles in 1977-78, has disappeared to a
great degree. Whether real or only perceived, personal
electric and hybrid vehicles cannot hope to compete in the
present environment. Simply stated, successful deployment
of electric and hybrid vehicles into the national fleet (in
any meaningful numbers) will require significant increases
in the real cost of petroleum and/or decreased availability.

Battery Development Has Been Slower Than Projected.

Although other technologies and subsystems required
improvement, it was recognized from the start that
development of vastly improved battery subsystems was the
critical element. ¥ollowing a cursory analysis of vehicle
missions, goals were established for energy and power
density, cycle life and cost. Although this was an
incomplete list, it does contain some of the most important
attributes. Those energy and power goals are being
approached but the desired life-cycle cost remains elusive.
The oal of 800 cycles at $70/kWh established in 1978
appears nearly as remote now ac it did then. In addition,
it is not enough to target energy and cycle life goals under
some benign conditions (such as C/3, constant current).
Even if these goals were met, they would likely bear little
resemblance to what could be expected in a vehicle
duty=-cycle environment. 1In addition, such battery
attributes as reliability, maintenance and safety have been
unwisely subordinated in many development programs. These
qualities must be addressed early in the development process
as gome of these inadequacies could result in potential
show-stoppers.




(4) Commercial Success Will Come Only ‘Through Involvement with
the Rstablished Automotive Industry. When the Electric and
Hybrid Vehicle Program was launched in 1976, the focus was
clearly on developing a new industry. Government sponsored

~markets, loan quarantees and other incentives were created
to make the opportunity more attractive for entrepreneurs.
This approach, however, has proved to be unsuccessful for
several reasons including high unit cost, poor quality
control and nonexistant repair and warranty service.
Solutions to these problems are precisely what the
established automotive industry uniquely offers. High unit
cost can only be overcome through high production; and high
production of automobiles can only be accomplished with huge
capital expenditures. The established distribution and
dealer network is what makes the parts/repair,
service/warranty operations work. Grass roots competition
can be successfully developed in the component supplier
Industry for such things as batteries, motors, controllers,
etc. Chassis development, integration, production, and

sales however, is best left to those currently in the
buginess.

C. RECOMMENDATIONS

In response to the findings and lessons learned over the 7-yr life
of this project, several recommendations are offered. These are
presented in two categories: a shortrange time frame (1985-1990) which
is amenable to more specific recommendations and a long-range time
frame (1990-2000) which is, by necessity, more general and dependent
upon preceding events.

The overriding theme for all continuing activity is to integrate
the planning, analysis and hardware work through an active system
function. Efforts for the short range should concentrate on improving
the sophistication of analysis techniques and supporting hardware
developments with a high prol-ability of success.

In a general sense, many of the activities suggested in each of
the following categories are in progress. The attempt in this document
is to emphasize recommendations in light of new information and/or
perceived needs for enhanced efforts.

(1) Planning and the Development of Short Range Goals Should be
Revisited., Two observatinns suggest a change in planning
and implementation strateqy: the temporary abundant supply
of cheap fuel and the critical need for revised component
(particularly battery) performance goals based on integrated
system studies. Emphasis should be given to the evaluation

of probability of success and cost-risk-benefit tradeoffs of
the developing technologies.

(2) Coordination Efforts Need to bs Expanded in the Areas of
Standardization, Joint Development Ventures and Seminars.,
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(3)

(4)

(5)

Although great strides have been made in standardizing
ambiquous definitions surrounding test procedures, results
and reporting formats, much remains to be done. The
requirements which a component must satisfy in a vehicle
aystem necessitate that time dependent and cycle-oriented
missions must be standardized and used as a basis for their
evaluation.

It is clear that while the individual researcher and small
company can make important contributions to the electric and
hybrid vehicle technology, it is extremely important to
encourage the involvement of the potential manufacturers
through joint ventures. This applies not only to the basic

vehicle manufacturers, but also those of critical components
such as batteries, motors, controllers, etc.

With decreased emphasis on R&D for electric and hybrid
vehicle related projects, there will be fewer publications
and technical meetings for communication among interested
groups. Thus, it is more important than ever to coordinate
a "core" of meetings and seminars to keep the information
flowing.

Several Small Technical Panels Should be Established to

Assist in the Evaluation of Analysis Procedures, Test |
Procedures, New Technologies, Probability of Success and

Component Performance in a System Environment. Evaluation

activities provide the feedback for the insight necessary to
direct all other activities. Because of their critical
nature and the fact that every analysis or test effort is
subject to limitations, an independent review and consultant
panel is necessary to insure the quality, credibility and
consistency of such efforts.

Highly Visible Projects Should Have a High Prcbability of
Success; Low Visibility Activities Shoulds Seek Higher Payoff

Accepting Higher Risks. Those highly vi. ible activities

such as the EPRI/DOE and Eaton Van efforts can do much
toward generating positive feelings abciut electric and
hybrid vehicles if the demonstrations are successful. They
can do considerable damage by garierating negative feelings
if the demonatrations are not successful.

The almost invisible technology developments are mu'h more
benign and as such are subject to less pressure for
successful demonstrations. Thus, higher risk (with
potentially highear-payoffs) developments can and shculd be
undertaken in this category, if they support the success of
relatively short range technnlogy goals.

Analysis and Simulation Support Studies, which are Less
Expensive and Rroader Than Hardware Work, Should be
Continued and Expanded to Provide Guidance for Technolaqgy
Priorities, There has been a trend of increasing




1\

(6)

(7)

(8)

sophistication in analydes and simulation which needs to he
continued. Partially, this trend has come about as a result
of vastly improved and more accessible computer facilities,
and partly because many earlier regults were simply shown to
he invalid. The three areas which deserve special attention
are continued gystem assessments, improved cumponent and
battery models and more realistic vehicle use models.

A Systems Function Must Be Established to Rationally Connect
Planning, Goal Setting and the Development Activities. The
system function is that activity which gives coherent
direction and wmeaning to all the other activities. Contrary

to common belief, the mechanism must be formalized to be
effective.

The Jet Propulsion Laboratory has been providing some system
leadership, but to date it remains fragmentary. The
Electric and Hybrid Vehicle Battery Test Working Task Force
grew out of recommendations to integrate the battery test
activities and the system assessment activities. The
advanced vehicle assessment and the hybrid vehicie
assessment have provided the evaluation functiors, but
unfortunately, have been perceived by the community
development as a one-time, largely unilateral exercise. 1In
any case, an operational mechanism which ties the whole
development process together is not yet in place. The

system advocacy, necessary to cause this to happen, may grow
silent when JPL leaves the Program.

While many of the short range activities properly support

long range goals, there are additional long-range goals to
be considered:

A Critical Base for Self-Sustaining Technology should be
Developed. The electric and hybrid vehicle community is in
a precarious position due to the present lack of a
competitive market for their products or services. The
market "pull® associated with expensive or short-supply fuel
is presently gone and developing the technical base
necessary for the "push" is expensive and time consuming.

The challenge, then, is to massage the electric and hybrid
vehicle community and their individual activities to the
point where even without the type of pull and push referred
to, their progress will be self-sustaining. The most likely
way of accomplishing this formidable task is to find
applications for the technologies outside electric and
hybrid vehicle, and conversely to look for electric and

hybrid vehicle adaptations of otherwise developing
technologies.

Appropriate High-Risk Technologies should Recelve Long-Term

DOE Support. Making use of the results of system studies
such as the advanced vehicle assessment, certain carefully

10




salected high-payoff, high-risk technologies should be
pursued. Because of these characteristics, it is unlikely
that they would find support outside of the DOE Program.
Since these specific technologies are presently in their
infancy, most of their promise may be based upon
speculation. For that reasoa it is necessary to continually
evaluate the status, strengths and weaknesses with
continuing assessment studies.




I. INTRODUCTION

A. BACKGROUND AND HISTORY

Only a short time after the automobile was developed as a personal
transportation concept, a noisy, complex, and dirty engine had driven
all other power sources out of the industry. 1Its appeal was based on
its tremendous specific power capability which allowed a level of
performance and optional accessories otherwise unattainable. In an era
when fuel was plentiful and pollution concerns nonexistent, it was
perfectly suited to the times. Today, technical, social, and economic

forces are working counter to its existence and provide the opportunity
to reconsider alternatives long since rejected.

Personal transportation burns over one-fourth of all the petroleum
consumed in this country and is therefore a major factor in our
dependence on foreign sources. In 1976, following the Arab cil embargo
which dramatized the nation's vulnerability to interruptions in the
supply of petroleum, Congress passed Public Law 94-413 calling for the
development of electric and hybrid vehicles. The nature of the bill
and the resulting DOE Program administered initially by the Energy
Research and Development Administration, was to create a new industry
dedicated to the development and production of e2lectric and hybrid
vehicles. The Program was divided into two main elements: (1) the
development of near-term technologies possibly suitable for electric
vehicle applications and (2) the promotion/demonstration of currently
available electric vehicles. Until recently, these elements remained
virtually independent of each other.

JPL has been one of several field centers supporting the former
Program element. In that capacity, the primary areas of responsibility
have been:

(1) Integrated test vehicle developments
(2) System integration and éeat

(3) Nonpropulsion subsystem development
(4) System assessments

NASA's Lewis Research Center and DOE's Argonne National Laboratory
have had primary responsibility for propulsion subsystems and near-term
battery developments respectively.

In more recent years JPL has sought to provide the overall program
with a system engineering function. 1In this role, attempts have been
made to coordinate the activities going on at other field centers with

JPL technology assessments and system evaluacion efforts.

During the past 7 yr, the political and economic winds have
changed several times and the resulting DOE Program thrusts were
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compelled to keep pace. Spawned in an atmosphera of petroleum
shortagena and inefficient vehiclas, the early Program activities warae
directed at getting electric vehicles on the road as quickly asa
possihle. Public and private sector demonstration fleats and
incentives were adopted to create a "market pull" while rasearch and
development support provided a "technnlogy push."” These early efforts
were aimed largely at atimulating the existing, if immature, electric
vehicle industry or enticing entrepreneura (and venture capital) into
the arena. As these efforts failed to produce the desired impact, a
major change in the philosophical approach evolved. Recognizing that
significant petroleum savings would require production rates achievable
only by the established automotive industry, the so-called
commercialization thrust was launched. Using this approach, government
programs would strive to develop technologies to near-prototype
maturity and actively encourage the industry to move into commercial
production. However, an administration change in January 1981
established policies necessitating a more distant government/industry
relationship. By 1982 commercialization activities -had officially
ceased as new programs were limited to "long~range, generic-research."

During the same period, the public's view of energy conservation
change” as well. The Arab oil embargos of the 1970s, resulting in the
inconvenience of long fuel lines and high prices, brought pressure on
the government to provide for alternatives. As shortages eased and
consumers adjusted to the new prices, the public outcry all but
disappeared. These factors and a general economic recession in the
early 1980s have cormbined to squeeze the Program support and funding
level in recent years.

This chronology i3 reviewed, not to be critical, but to provide
the necessary perspective from which to view the activities and

accompiishments of the JPL Electric and Hybrid Vehicle Project over
these past 7 yr.

B. THE JPL SYSTEM ROLE

The DOE Program has had many elements with technical development
projects focused exclusively on such areas as the powertrain and energy
storage subsystems. It was also properly recognized that the "system
discipline” was an absolutely essential element for the successful
development of anything so complex as an electric vehicle or hybrid
vehicle. Most of the electric vehicles that have been introduced in
the U. S. and around the world in recent years have not had the benefit
of any real syastem engineering. They have been compromise vehicles
agsembled by hopeful entrepreneurs from standard automobiles with
whatever electric vehicle components were available. The electric
vehicle is, in fact, a very different animal from its internal
combustion engine counterpart. 1ts available specific power and
energy,; are respectively, five and fifty times lower; precisely the
disadvantages which led to its demise nore than 60 yr ago. Because of
this disparity, the system role in goal identification, requirements
definition, performance specifications and implementation is even more
critical. The Jet Propulsion lLabhoratory was assigned the system
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research and davelopment rasponaibility for the Program and, as such
has developed proof-of-cancept vahicles, conducted in-vehicle tesating
and provided guidance for subsystem davelopmaent based upon asgesamenta
of current and advancad concepta. Nowhere is the aystem role more
important than in the determination of development requirements., Thisa
provides the link between the overall DOE Electric and Hybrid Vehicle
Pragram nhjectives and the implementation of a atructured development
plan. The activity, however, muat be an ongoing xercise. Bacause of
the many trade-off parameters which must be orchestrated, component
requiremant sets are interdependent and unigue to each technology. In
an effort to simplify this process, early subsystem development goals
waere often inappropriate and incomplete. Although these goals were
occasionally approached by individual components, in-vehicle system

evaluations usually yielded disappointing results due to the inevitable
miumatched subsystem interfaces.

In more recent years, JPL has actively sought to instill a system
philosophy throughout the entire DOE Program. This has involved goal
setting, the development of trade-off methodologies, data requirement
policies, testing, evaluation feedback loops and decision analyses.

c. PURPOSE AND SCOPE OF THIS REPORT

The purpose of this report is to briefly review, from historical
and technical perspectives, the major activities, accomplishments and
"lessons learned"” by the JPL Electric and Hybrid Vehicle Systems R&D
Project over its 7-yr life span. By necessity, descriptions of the
individual tasks must be brief; each resulted in specific information
or conclusions which are well documented in the various deliverable
reports and other papers referenced in Section VI. The major findings,
discussed herein, primarily deal with the broad issues which cut across
the various disciplines. Many of these issues are "system related" and

therefore pertain not only to the JPL Project but to the overall DOE
Program as well.

Because of the hroad perspactive gained in the pursuit of these
activities and the termination of any vested interest, JPL is in a
unique position to provide recommendations for future thrusts. Many
valuable lassons have been learned during the past 7 yr and it is hoped

that programmatic insight and planning can henefit from their
discussion.




I1. PRQIECT ACTIVITIES AND ACCOMPI,ISHMENTS

Aa previnusaly indicated, tha charter of the JPL Elactric and
" Hybrid vVahicle Syatems R&D Project has been sufficiently broad that
taska were undartaken and accomplighaed involving virtually all the
technalogies germane to electric and hybrid vehicles. Some of thasae
activities were designed to facilitate the initial "technology
transfer” program, others supported the commercialization thrust and
'me (like the assessment activities) emphasized the longer ranga
view. The most significant of these efforts are highlighted balow.

A. VEHICLE SUBSYSTEMS
1. Powertrains

From 1977 until 1983, the NASA Lewis Research Center had Program
responsibility for electric and hybrid vehicle powertrain development.
In 1983, Lewis Research Center transferred its remaining activities to
JPL. As a result, JPL has managed several contracts and an in-house
activity to develop a trio of AC motor/controller concepts and a
continuously variable transmission concept. A significant effort was
devoted to the investigation, analysis and assessment of current and
projected electric and hybrid vehicle powertrain components in
agssociation with the advanced vehicle assessment (Ref. 1). That study,
which will be highlighted later, determined that although today's
electric vehicles, rely, alimost exclusively, on chopper-controlled DC
brush-~commutator motors, the situation is changing rapidly. Due to the
electronics revolution, the AC induction and DC brushless machines,
heretofore impractical for electric vehicle applications, will soon be
the overwhelming choice. Enjoying the advantages of lighter weight,
higher efficiency, and increased reliability, the cost, weight and
volume of the necessary inverter/controller has been its only
impediment. The three motor controller activities described below take
advantage of new developments in the high-power switching electronics
world to bring these obvious benefits to electric vehicle applications.

a. Motor/Controller Developments

Alternating current motors have several inherent advantages over
their DC counterparts such as size, weight, and cost. The necessary
associated high-cost inverter electronics, however l.ave limited their
appeal for electric vehicle applications. Although electionic
component costs have dropped dramatically, they remain high. Therefore
motor/controller concepts which retain the advantages of tho AC
simplicity but strive to reduce or eliminate a number of expensive
components were targeted.

The variable reluctance motor requires only one-half of the
electronic switching components necessary for a conventional AC
induction motor (Ref. 2). Variable reluctence motors have se2n some
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application as small atepping motors, far helnw the power requirements
of a vehicle powsrtrain. Therefore, in 1981 a contract was placed with
the Massachugatts Inatitute of Tachnology to design, build and test a
30~kW (continuons) variahle reluctance motor subsyatem using overall
coat as an important deaaign dArivar. Development has been in two
phases, firat designing, buildiag and evvaluating a scalad-down matar (%
kW) before moving on to the full~acale ayatem. Final teat and
avaluation will ba complated in December 1984, A final report will he
iasuad as a deliverahle to DOR.

The half-wave induction motor i8 another approach at solving the
same high-cost electronics problem. It too uses only one-half of the
gwitching components necessary in conventional Al inverter
cont.ollers. To investigate the practicality of this approach, a
contract was placed with the University of Missouri, Columbia. At the
completion of the feasibility-design phase, it was decided to limit the
effort to analysis and paper design of a buildable system since no
motor manufacturers had responded to an RFP. Reference 3 describes the
results of this activity.

Yet another approach to reducing the cost of AC powertrains has
been supported through an internal JPL task. Building upon experience
with hybrid topology inverter designs, the logical extension was to
apply these techniques to AC drive subsystems. A hybrid topology uses
two or more different power semiconductors in a synergigstic way in
order to overcome the weaknesses inherent in the individual
-omponents. These weaknesses result in a high cost as well as poor
operation. Two distinct hybrid topologies providing the same 40 kW
capacity (60 kW for 3 min) have been designed. One uses a conventional
bi-junction transistor (BJT) in conjunction with a field-~effect
transistor (FET); the second combines a silicon-controlled rectifier
{SCR) in conjunction with an FET. These designs are discussed in some
detail in Reference 4. The BJT/FET inverter will be completed and
tested in 1984, The SCR/FET inverter is being proposed as an
independent task at JPL during 198S5.

b. Transmission Developments

In order to maintain high efficiency, DC brushless and AC motors
prefer to operate at high rotational speeds (i.e., 10,000 rev/min and
more). Speed control could be accomplished with elextronic control and
fixed gear reduction or with a variable-ratio transwission, which would
relieve a great deal of stress from the electronics. Manually shifted
transmissions are the simplest and most efficient but fail to provide
the convenience of automatic shifting desired hy 80% of the motoring
public. Continuously variable transmissions combine the convenience of
an automatic with efficiency near that of a n.nual transmission.
Although some concepts are now approaching production, continuously
variable transmissions have historically be plaqued with reliability
problems and have nnt been cost-competitive with the alternatives.
Lawis Regearch Center placed a contract with Kumm Industries for the
development of a continuously variahle transmission using a novel, flat
rubber belt. This approach significantly reduces the internal stresses
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necessary with steesl-on-ateal drives and simplifie= maintenance. Tha

Jet Propulsinn Lahoratary took over managemant for the teat ing partion
of the ocontvact and final report (Reaf. %), Althowih thias devalopment.
demonstrated a workable continnonaly variable tranumission concept, Lt

wan plaquel with reliahility problems. 1In ratrospect, mach enqginearing
work should have heen donea before committing tn a concapt demonatration.

24 Walght Reduction

As any student of automotive performance has Aiscovered, the
raduction of vehicle weight pays handsome dividends. Although
generally associated with acceleration performance, welight reduction
plays a significant role dAuring cruise through reduced tire-rolling
losses, braking loszes and grade losses (The latter is universally
ignored in all standard driving cycle testing and is a major cauwse of
discrepancies between Environmental Protection Agency estimates and
actval experience). Weight has an even greater effect on electric
vehicles, whose gpecific power source is a factor of about 5 less than
that of a comparable internal combustion engine vehicle.

Low-density, high-strength composite materials have lung been
recognized as a means to reduc: automotive structural weight and
thereby improve fuel econuuy for the combustion engine vehicle or
improve range and performance for the electric vehicle. However, until
composite components can be fabricated at costs competitive with their
steel counterparts, they are unlikely to attain significant inroads.
The least exotic composite materials cost about twice as much as steel;
therefore, real cost competitiveness may only be achieved through the
benefits of parts consolidation, i.e., by molding, in a single step, a
component which would otherwise require production and asseumuly of
gseveral steel parts. WNot all parts, however, are amenable to parts
consolidation and must therefore be compared on a substitution basis.
The other key element in the equation is the production procedure and
the resultant costs associated with fabricating this composite
component.

With this as a background, a task was defined to develop and
demonstrate the production feasibility of cost-competitive lightweight
composite material components by investigating improved fabrication
concepts. The approach taken was to contract with the Budd Company to
manufacture, using production techniques, a composite automotive
componant and compare its utility and cost with its counterpart
baseline sceel component. After some consideration, the component of
choice was selected to ke an outer door panel from a 1977 Chevrolet
Impala. The justification for this choice included the availability of
(1) baseline costing data, and (2) a real vehicle environment useful
for fit and finish evalu ‘on and crash testing.

The redesign of the outer door panel consisted of a 14-1b
single-piece atructure composed of a chopped glass/polyester outer
skin, co-molded with a continuous glass fiber polyester intrusion
protertion in the form of a atrap. This structure replaced rour places
in th2 original steel baseline door weighting 25.5 1b for a total
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waiqght gsavings of 11 1bh or 431%. With some minor modificat ion, the Acaor

panal will he able to pase the Federal Maotor Vehicle Saftay Standards
for intrusiton.

The approach demonstratead the ahility to Helactlvaly and locally
reinforce a ganeral choppad qlaga composite structurea with continuous
fiber material (Ref. A). ‘The conrept, {f carvied to 1ty fu.olaest
;ml'antin'l, conld not. only account for thinner, lghtar door atructures
mt uahera in a multitude of automotive part applications. The
eapacially corrosive anvironment qenoerally gaurrounding the battery
wonld maka bhatteary trays and supporting structures particularly gond
candidates for asuch composites.

3. Road Load Reduction

By convention, a vehicle's road load is defined to he the forre
required to overcome aerodynamic and rolling resistances. The
aerodynamic resistance, or drag, is a function of the vehlcle's size
and shape and is proportional to the square of the velocity. The
raolling resistance includes the tire resistance as well as bearing
losses and such things as brake drag. While it does have some speed
dependency, it is often assumed to the first order to be simply
proportional to the normal force or vehicle weight.

At a steady speed of about 45 mph, the road-load power requirement
for a typical subcompact class vehicle is approximately evenly divided
between the aerodynamic drag and rolling losses. But even over a low
speed driving cycle, such as the SAE J227a D cycle, aerodynamic drag
and rolling resistance may respectively consume about 35% and 308 of
the total road energy requirement. Significant improvements are
possible in hoth of these parameters which could combine for electric
vehicle range improvements of 30% or more. Therefore, a task was
initiated to examine the avenues and develop the procedures by which
real road-load reduction could be accomplished by the emerging electric
and hybrid vehicle industry. Early on, it was concluded that no
significant tire development tasks needed to be funded by the Project.
The tira requirements of a electric and hybrid vehicle were quite
similar to those of a standard automobile and most of the major tire
manufacturers were already pursuing low-loss tire programs. However,
progress of these proqrams was monitored, data was shared, and some
specific tests were performed to determine such simulation input
requirements as tire energy consumption during warm-up and over certain
cyclic (torque) loading.

The Project involwvement in aerodynamic drag reduction was viewed
quite differently. If a prospective electric and hybrid vehicle
manufacturer were to begin develop: ng a new vehicle, he would either
convert an existing heat-engine antomobile or develop a new concept
fvom the ground up. In elther case, the tools necegssary to minimize
aerodynamic drag were not reacily available. The concept of an
aaraodynamic desiqgn quidebook, which canld ha an aid to the electric and
hybrid vehicle designer and builder with little or no aerodynamic
background, was adopted. The approach was to develop a system-level
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aerodynamic design sequence composed of logical path elaments which
terminate at one of three levels of design. These design levals
(described as subjective, empirical, and experimental procesases) are
progressively more refined and successively characterized by a higher
probability of yielding a low drag design. The second level, or
empirical process, is shown in Figure 1 as an example. Developing
these logic paths exposed many technological voids and information gaps
inherent in various path elements. In the course of this endeavor,
several supporting studies and test programs were undertaken to
alleviate the uncertainties and to provide the necessary tools and
procedures required to implement the strateqy.

The process is a framework upon which the design development is
builit. The procedures are highly dependent upon many subjective
determinations which rely heavily upon common sense and experience.
There may be many alternative solutions to the same set of design
requirements.

The objective behind the creation of the design guide (Ref. 7) is
to encourage electric and hybrid vehicle designers to address
aerodynamic drag as an important design parameter and, once goals are
targeted, to systematically evolve a design which is aerodynamically
matched to the anticipated mission while minimizing unnecessary effort.

4. Environmental Control Subsystems

It has been argued that for electric vehicles to successfully
enter the marketplace, they must offer creature comforts on a par with
the current heat-engine competition (Ref. 8). Air conditioning leads
the list of these comforts and potentially has the most severe impact
on electric vehicle performance. For these reasons, a task was
identified to: (1) determine electric and hybrid vehicle environmental
control requirements, (2) identify potential solutions, (3) develop an
evaluation process, and (4) select, for potential concept development,
those elements comprising the environmental control subsystem which
best match the requirements.

Design criteria for the sizing of appropriate environmental
control subsystem elements were established from the following: demand
thermal loads, ambient temperatures, time required to reach
steady-state operation, relative humidity, number of air exchanges,
safety (defogging and defrosting), and state~-of-the-art surveys. The
édusign point conditions for the passenger compartanent were derived from
mathematical modeling of tl.e phiysical and psychological processes
involved in the determination of thermal comfort. Duration of
environmental control was another important parameter in determining
the functional requirements. Travel scenarios depicting typical U.S.
driving patterns were constructed in order to estahlish the subsystem
design load specification.

Thermal storage schemes that were evaluated used either sensible

heat or latent heat of phase change, i.e., salts, oils, parafins, sand,
and liquified gases. Certain reversihble thermochemical reactinns were
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identified as having the potential for heat storage in excess of

3000 Btu/1b; however, published information was insufficient to enable
a feasibility determination.

In order to he considered for ranking and possible recommendation,
candidate environmental control subsystem elements were screened for
feasibility; each was required to meet the energy usage criteria and
performance specifications.

Based on the results of the ranking exercise, a subsystem using
water thermal energy storage was the preferred configuration for
near~term development (5 to 10 yr). Although this type of subsystem
offered only a limited storage period, other functional characteristics
made it a superior choice for product development within the next 3 to
4 yr. Such an environmental control element required no onboard use of
petroleum fuel and could be effectively applied to both heating and
cooling cycles. Other advantages included simplicity and similarity
with present automobile heating subsystems, low noise level, and a
ghort development period.

Preliminary calculations indicated that an ammonia-water split
heat pump met all faunctional requirements in a cost-effective manner;
hence, it was selected as the "best" configuration for long-term
(beyond 10 yr) development (Ref. 9). This subsystem, which also can be
applied to both heating and cooling cycles, requires no moving parts on
board the vehicle and no onboard use of petroleum fuel. It offers low
overall weight, as well as long storage periods that are comparable to
subsystems using gasoline engines. In the split hea* pump subsystem,
the thermodynamic process rates can be operated independently. It is
thus possible to design the home-base equipment to perform the
regeneration function over a time period approaching one day, while the
maximum operating time of the vehicle-hase equipment is 2.5 h. This
approach could supply adequate environmental control 99% of the time
for 99% of the population.

S. Subgystem Packaging

At the conclusion of a preliminary design exercise, the subsystem
and component performance specifications are established. Before a
successful system can be integrated, however, a packaging design effort
must be performed. These issues directly impact such vehicle
attributes as seating comfort, cargo capacity and handling response.
To provide some guidance to the emerging electric and hybrid vehicle
industry for making packaging trade-offs, a work element was
initiated. The objective was to investigate alternate battery
locations and packaging strategies which specifically did not require
the use of a central backbone battery tunnel concept. For economic
reasons, many electric and hybrid vehicles will be based on an internal
combustion vehicle conversion which will therefore limit packaging
alternatives. Several questions needing attentinn were addressed,
including:
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(1) What is the effect of battery module shape, size, and
numbers?

(2) Where might battery location alternatives interfere
with satisfactory vehicle handling?

(3) wWhat are some practical integrated battery support
structures?

The resulting study used a current bubcompact internal combustion
engine vehicle as a baseline. Alternative packaging solutions for a
derivative electric vehicle were evaluated with the objective of

retaining vehicle dynamic handling characteristics, passenger space,
and cargo area comparable to the base vehicle.

The major results of the study (Ref. 10) were that it is entirely
feasible to design a near-optimum packaging of electric drive
components in a subcompact car and retain the dynamic handling
characteristics, passenger space, and cargo area of the base vehicle.
Correct weight distribution is the most important single factor in
achieving acceptable handling characteristics. High-front-weight-bias
vehicles can be tailored to provide satisfactory handling responses.

High~rear-weight-bias vehicles offer severe handling penalities which
cannot be overcome.

Several alternate battery types were evaluated and, in general,
were found to be more difficult to package than the present golf-cart
lead-acid modules, particularly if constant battery voltage was the
determining criteria.

Detailed installation studies wr-e conducted to verify that the
recommended battery packs could be mounted in the locations indicated
without significantly changing the structure of the base vehicle.
Necessary changes to the structure, suspension, and control components
of the base vehicle to accommodate the additional weight of the
electric drive components were analyzed and specified. A mock-up was

constructed to verify the optimized installation in three-dimensional
form.

B. BATTERY SUBSYSTEMS
1. System Testing of Near-Term Batteries

In the early stages of the DOE Program, four battery technologies
were identified as having the potential for production electric vehicle
applications by the mid-1980s. These hattery couples, classified as
near~term, were (1) improved lead-acid, (2) nickel-iron, (3) nickel-
zine, and (4) zinc-chlorine. Argonne National Taboratory had the
primary responsibility to manage the development contracts for these
technologies. The JPL involvement was generally limited to in-vehicle,
system-level testing at the conclusion of each effort. 1In 1979, JPL
performed a series of tests on the available hattery technologies in
conjunction with evaluations of four vehicles. 'fhese tests were
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conductad to detarmine requirements and specifications to be used in
procuring vehicles for deployment in the DOE Electric and Hybrid
Vehicle Technology Demonstration Program. The results indicated
significant range and energy storaga improvements over the baseline
system but identified sericus development deficiencies in these
batteries and in the prototype vehicles.l As the result of a JPL
recommendation, this procurement and deployment activity was delayed
indefinitely.

For comparison purposes, the baseline system was the South Coast
Technology Rabbit, supplied with a 108-V battery pack assembled from 18
6-V ESB XPV-23 lead-acid batteries weighing 531 kg. Speed control of

the separately-excited DC motor was accomplished by actuating
contactors in the armature circuit (with a starting resistor) in

conjunction with a transistorized field chopper. Torque was transmit-
ted through the standard Volkswagen four-speed manual transaxle.

The batteries chosen for the vehicle/battery testing program were

" two nickel=zinc batteries produced by Energy Research Corporation and

by Yardney, Inc., a Westinghouse nickel-iron battery, and an improved
Globe~-Union lead-acid battery. The Encrgy Development Associates

zinc-chlorine battery was unavailable for testing.

The Energy Research Corporation nickel-zinc battery was based on a
cell construction unique to this manufacturer. The positive plate
(cathode) was manufactured from an active material composition of
nickel hydrozide and a conductive dilute which was rolled and pressed
with a plastic binder onto a metal current collector. 2Zinc oxide and
additives were combined and bound in the same manner to form the
negative plate (anode). Sixty-six cells were assembled into a nominal
108-V battery pack which weighed 549 kg.

Yardney supplied a nickel-zinc battery pack constructed of cells
using more common electrochemically impregnated sintered nickel
positive plates. The negative plate was bound in the same manner as
the Energy Research Corporation cell. The separator was a three-part
system utilizing proprietary Yardney separators., A nominal 108~V pack
was assembled from 66 cells and weighed 523 kg.

The nickel-iron battery, manufactured by Westinghouse under
contract to JPL, used plates of hot-~pressed nickel-plated steel wool.
The positive plate was electrochemically impregnated, while the
negative was pasted ferric oxide. A nominal 120-V battery pack of 90
cells was supplied which weighed 490 kg. This battery used a
circulating electrolyte system which allowed a recharge time of as
little as 3.5 h,

lrhe so-called 2 x 4 vehicles included the South Coast Technology

converted Volkawagon Rabbit, the Electric Vehicle Associates converted
AMC Pacer Wagon, the Jet Industries Electra Van 600, and the Battronic
Truck Corporation pickup truck.
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The Globe~Union lead~acid battery (EV2-13), developed for the
ETV-1 program (see Section III.C) was constructed in the same manner as
their conventior \1 batteries. However, the cells were rotated 90° to
increase the surface area and aspect ratio. The negative plate ias frae
of antimony. The 6-V batteries were designed within the dimensional
constraints of a standard golf cart battery. A nominal 108-V pack
weighing 490 kg was assembled from 18 of these batteries.

The tests, which consisted of both constant speed and SAE J227a D
driv. ng cycles, were conducted on the JPL Clayton twin-roll
dyna someter. The South Coast Technology vehicle was fairly reliable in
over 6500 km of testing at JPL. However, the motor required
replacement andintermittent problems with the controller hampered
normal operation early in the test program. Some results are shown in
Fiqures 2.a and 2.b, (Ref. 1ll) indicating energy n~apacity exhibited by
the batteries in the various vehicles under some standard driving
conditions. It is evident that a battery's energy density is a strong
function of the duty cycle. Most battery developers prefer to measure
energy density at some rather benign constant current (such as the
ubiquitous C/3 rate) which often bears no relationship to energy which
could be delivered under some vehicle duty cycle. It should also be
noted that some of these batteries lasted less than 20 cycles these
vehicle~load conditions.

Dur’'ng 1981, an Eagle-Picher nickel=-iron battery and a
second-generation Westinghouse nickel-iron battery were tested with a
similar South Coast Technology vehicle and the ETV-l. A Globe (now a
division of Johnson Controls) improved state-of-the-art lead-acid
battery, employing electrolyte agitation, was evaluated as well.
Several aspects of battery performance were investigated including
capacity, recharge efficiency, voltage response, and self discharge.
Each of the three batteries exhibited some strengths and some
weaknesses. Although the Bagle-Picher battery subsystem lacked certain
features necessary for satisfactory vehicle integration (single-point
watering, hydrogen gas generation management, etc.), it demonstrated a
significant improvement in capacity (especially at higher power levels)
compared to the earlier Eagle Picher hatteries. The second-generation
Westinghouse nickel-iron battery subsystem was plagued by reliability
problems and tests could only be run following a mild charge profile
which improved charge efficiency but reduced the maximum energy
capacity. A composite plot of the specific energy as a function of
average power (corresponding to several constant speed vehicle tests)
was created from Reference 12 and is shown in Figure 3. A
characteristic of the nickel~iron couple is high self-discharge which
has the effect of significantly reducing the available energy if the
battery is left to stand following charge or between discharge
segments. This feature is quantified in Figure 4 (Ref. 12).

The final battery tests performed at JP[ 1invulved an updated
Eagle~Picher nickel-iron subsystem, a downsized module-based Globe
improved state-of-the-art lead-acid subsystem, and the General Motors
(Delco) nickel-zinc subsystem. The NDelco nickel-zinc battery was
egpecially interesting in that it was the only battery tested to meet
and exceed the claims of the manufacturer. This success was in large

26




0 o
: 3
40
e
1
15 -
—
V- — | —
E [rm——
[Va)
y 4
8 10 |
>
20 ] —
2
2
YY)
: :
5 | I T
10 w & 0} uw & Ol
Z ™ 2 2 Z ™ 2 2
{RHEBHBEIRE HEHBEHBREEE
o o |
56 km/h (35 mi/h) 88 km/h (55 mi/h)
a. Demonstrated in Constant Speed Tests (Ref. 11)
Qo o
< <
£ =
40 —
ﬁ —
15 —
O -
E
N p——
y 4
a B
s 10
O 20+ —
w —
Z
w =
51— [ T T
10 ") ?‘: O s a ) -
4 ) Y4 Z £ ] P4 Z
il (2 18] 1g] 18] 13| || 18] |
2 |2 NEH HEHEHEBEIRL
ol. o |
“8" CYCLES “D" CYCLES

b. Demonstrated in SAE J227a Driving Schedule Tests (Ref. 11)

Fiqure 2. Battery Energy Demonstrated in Two Tvpes of Test

27




(ZT *39¥) SISIL I[OTYPA U( SITIIIIvE WIIL~-IVIN INIYL I0J
oT3ISTI9jIRIRYD Iamod abeaaav sa Abasud o13Taads °€ xnb1d

M1 “33MOd IOWHIAY

Gl ot 6 8 L 9 v
I | I 1 I | St
-0z
/ _ nN
YN —0€

ISNOHONILSIM

PIV/d >~
vOSt 38019 ~
/ /
~
/ /
~

24/1N ¥3HOId T19V3 o
L i ] ] 1 ] oS

Bx/4m * AD¥IN3 D14102dS

28




—_

B il T

100

90
R
o
£
(9]
g 80
>
o
o
M
z
[¥7]

70 |

60 — /\ EAGLE-PICHER Ni-Fe BATTERY

O WESTINGHOUSE Ni-Fe BATTERY
50 L | I | | ] 1 1 | 1
0 10 20 30 40 50 0 70 80 90 100

STAND TIME, h

Figure 4. Effect of an Open-Circuit Stand Between End of Charge
and Start of Discharge (Ref. 12)

29




part due to the automntive and system aengineering approach to the
development process and estahligshes a performance baseline for othar
technologqies tc meat. A comparison plot of the specific enerqgy versus
average power for these three hatteries is shown in Fiqure 5 from
Reference 113,

2, Elevatad Temperature Electrolyte

It has long been recognized that lead-acid battery capacity is a
strong function of the electrolyte temperature. Great effort has been
expended at JPL to ensure that the battery electolyte temperature
stabilized at approximately 22% before testing was initiated. There
is nothing unique about that particular temperature except that it
represents a standard SAE automotive test temperature. There is also
no reason to suspect that this temperature would be optimum from either
a battery capacity or battery life consideration. Some module testing
has been performed at elevated electrolyte temperatures over the years
but much of the data is suspect and little of it can be compared or
extrapolated. In an effort to quantify the potential gain in lead-acid
battery capacity at elevated temperatures with a complete pack in a
vehicle-system environment, a test program was initiated. A battery
chamber was designed and built to house eighteen EV 106 battery
modules, heaters, blowers and thermocouple instrumentation. After
subgystem tests indicated that initial electrolyte temperatures could
be uniformly established at temperatures from 26°C to 56°C, system
tests were performed on the JPL dAynamometer using the DOE ETV-1l test
vehicle with an umbilical arrangement. The results (Ref. 14) jindicated
that battery energy capacity (and hence range) over the SAE J227a D
cycle increases by approximately 1% per Oc over that temperature
range; the improvement is somewhat nonlinear, i.e., there is a
diminishing return as the temperature is increased. It is commonly
believed, however, that battery life suffers at high temperatures.
Unfortunately, the experts cannot agree on the temperature regime in
which this effect becomes important. Because the possible benefits
from control of this parameter were even greater than any lead-acid
design improvements bheing proposed, JPL promoted elevated te:perature
cycle-1life tests conducted at Argonne National Laboratory.

3. Battery Charger and State of Charge Indication

It is fair to say that no electric vehicle offered today has an
adequate onhoard battery charger or state-of-charge indicator. It has
also been observed that few battery developers understand how best to
charge their bhatteries for optimum efficiency and l1ife. 1In an effort
to shed iight on these mysteries, JPL performed a task to explore the
effects of various charge parameters on efficiency (Ref. 15).

Recognizing the need for a smart charger which could sense battery
state~of-charge and tailor the current profile accordingly, a contract

was issued to Gould, Inc. to develop such a device. The requirements

were for an onhnard system having a maximum power output of 3 kVA, over
90% efficiency, high power factor, low line noise and low weight. The
system delivered to .TPL for test (Ref, 16) was made up of two discreet
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but electrically intagrated componenta; the undar-hood chargar and the
daah-mounted state-nf-charge indicator. Unfortunately, the charger had
tn he limited tno nperate at a peak of 2 kVA. The state-of-chargye
indicator, however, has shown aignificant pntantial and has hacome a
cantral alement in an effart to upgrade thea utility of vehicles
presently in use as a part of tha DOE Site Oparatar Progqram. This
latasat affort increases the astate-of-charga indicator capahility by

introducing an adaptive algorithm which automatically accounta for a
battery's degradation with age.

4. Safety and Maintenance Isgues

Perhaps the number one concern a manufacturer has tnday is product
liability. The Detroit OEMs are continually in the news concerning
safety-related class-action suits and costly recall programs. They
will not put electric vehicles on the streets until they are convinced
that their reliability, maintenance and safety characteristics are at
least as good as the present internal combustion engine fleet.

Although it could be arguad that many of the current maladies visiv'.a
in these development subsystems would be ironed out in a production
activity, several problem areas are generic to the design approach.

Hydrogen gas generation, and the resulting possibility of
explosion, is a concern for all aqueous batteries. In JPL tests, thu
situation, however, is far worse for couples involving nickel. The
Eagle~Picher and Westinghouse nickel-iron batteries produced
respectively 23 and 30 times as much hydrogen per charge/discharge
cycle as the Globe improved state-of-the-art lead-acid subsystem in JPL
tests (Ref 12). As a result, Eagle-Picher was given a contract to
investigate the flame quenching capabilities of several candidate
devices to prevent the propagation of flame within batteries having
central watering/venting subsystems. No satisfactory solution has been
identified to this point.

By far, the most time-consuming maintenance item experienced by

JPL and fleet operators as well, is battery watering. Semiautomated,
single point watering suhsystems have been a part of the most recent
battery subsystems evaluated by JPL. None of these, however, worked
very well and the related safety issue which results when all cells are
connected by common plumbing may be unacceptable. An alternative is
the development of sealed technologies. There is little doubt that if
the major automobilc manufacturers were to produce electric vehicles,
they would have to ba based on a sealed battery technology.
Unfortunately, few battery developers are taking that approach
choosing, rather, to modify current designs in an aevolutionary manner.

In the meantime, in an effort tn support the current electric
vehicle fleet heing operated by several atilities (DOE Site Operator

Program) JPL managed two contracts ko supply a prototype battery
management subgsystem. The effort reliea on the gstate-of-charge

indicator previously develnped by Gould, Inc. {(with the adaptive
algorithm) married to a charge and management subsystem developed by
General Telephone and Electronics Laboratories.
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C. COMPLETE VEHICLE SYSTEMS

Racausa tha automohiln ia auch a complex system, tha industry has

traditionally only rngarded teats of a complete veahicle as thea ultimate
proof of concept. Although much affort {a applied to tha development

of components and mubsystems, it im little more than a laboratory
curinusity until that component/aubsyatem has been fully lntaegrated and

provan in the system anvironment. Thea electric vahicle is an equally
complax syatem. It has many of che same complexities as a conventional

vahicle, and while it aliminates several undesirable features, it adds
naw ones of its own.

JPL has managed three major programs resnlting in complaete vehicla
systema. The firast two, initiated by ERDA in 1976, were run
concurrently and investigated the performance potential and economic

viability of a near-term electric vehicle amenable to mass production
in the 19803, Recognizing that all-electric vehicles would not be
directly competitive with general-purpose conventional vehicles due to
range limitations, the Near-Term Hybrid Vehicle [NTHV] Program was

initiated in 1978. All three developments were phased activities and
are briefly described below:

1. Near-Term Electric Vehicle Program
The goals of the NTEV Program included the following:

(1) Respond to the Public Law 94-~413 requirement that DOE
determine an optimum overall electric vehicle design.

(2) Assist industry in accelerating advancements in
electric vehicle technologies.

(3) Provide analytical and teat methodologies and tools

for application by industry to electric vehicle system
technology.

(4) Identify areas requiring .ncreased R&D attention.

(5) Provide a national data base to enable determination

of technology advances and provide standards of
performance.

The vehicle performance objactives established for the Program
required considerable improvement overall, compared to the performance
of vehicles previously developed (Table 1). For example, the
urban/suburban driving range of 120 km (75 mi) between battary
recharges was roughly 504 better than had been demonstrated to date.
The Phase T trade-off and preliminary design studies by contractors on
the NTEV Program showed that such significant improvements were
possible by incorporating current and near-term technology in all
elements of an integrated vehicle system. Major technology
breakthroughs were not a requirement; however, different vehicle design
concepts identified during the studies did require the evolutionary
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Table 1. Near-Term Electric Vshicla Praqram Objec:_ives

Parformanna

Suburban Ariving ranqae 120 km (75 mi)
Passangar capacity 4 Adulte
Cruiaing speed 90 km/h (55 mph)
Passing apnaed 100 km/h (60 mph)
Accelaration, 0~50 km/h (0-30 mph) 9 8

Merging Tima 40-90 km/h (25-55% mph) 18 8

Spead on 5%, l.6-km (1l-mi) grade B0 km/h (50 mph)

Cost (1975 NDollars)

Initial $5000
L.ife Cycle $0.09/km ($0.15/mi)
Scheduled Maintenance $0.01/km ($0.02/mi)

Operation and Maintainability

Life 10 yr
160,000 km (100,000 mi)
Ungserviced Park Duration 7 4
Ambient Temperature Range =29t04+500C (~-20to+1259F)
Recharge Energy 300 Wh/km (500 wWh/mi)
Recharge Time; 110 V/30 A Service 6 h
Safety
Safety Standards Meet all 1977 Federal
Motor Vehicle Saftey
Standards

development of specific components from available technology. Thus,
the near-term electric vehicle was a vehicle designed (rather than
adapted) to: (1) the particular requirements of the electric
powertrain, (2) the use of existing and near-term technology, anrd
(3) the use of fabrication techniques which were amenahle to mass
production in the mid-1980s.

34




Following the Phase I atudies, the General Electric Company and
Garratt/AiResearch danufacturing Company of California were selected
from among the Phase I contractors to continue into Phase II. Phase II
required that the contractors nrepare detailed designs of their
pronosed cars and that they develop and fabricate complete integrated
test vehicles for evaluation. The two contractors chose

philosophically different design apprnaches, as discussed below and
shown in Figqures 6.a and 6.b.

The design optimization process involved trade-offs between
powertrain, suspension, body and structure, and other elements of the
car. Because of the limited energy storage of currant and near-term
batteries, the car's weight, aerodynamic drag, and rolling resistance
were reduced to increase range and reduce motor power requirements.
BEnergy losses in batteries, cabling, motor, and transmission were
reduced, and as much as possible, the energy dissipated during coast
and braking was to be recovered and stored for future use.

While the bulk of the performance increase realized in the NTEVs
resulted from this optimization process, each contractor also
identified areas where limited, short-term development could
significantly aid in meeting cost and performance goals. For example,
General Electric developed the first potential low-cost, high-power
(400 A) transistor module for application to armature choppers, and
Garrett developed a lightweight fiberglass/Kevlar flywheel to store
energy to aid in locad-leveling the battery. While specifically
developed for the NTEV Program proof-of-concept vehicles, these devices
have general application to electric and hybrid vehicles of many
designs and have already resulted in the acceleration of several

technologies which are crucial to the ultimate success of the electric
car.

As part of the NTEV Program, improved lead-acid batteries were

also developed. Higher energy densities (20-30% better than golf-cart
and electric vehicle batteries formally marketed) and longer life were
among the goals.

a. General Electric/Chrysler Electric Pasgsenger Car

The General Electric/Chrysler electric test vehicle (ETV~1l) used a
relatively conventional but highly optimized design for both the
powertrain and the body/chassis. System design was controlled by an
overall system specification, subsystem specifications, and interface
specifications betwcen major subsystems. Waight control and powerloss
accounting were also controlled by specifications. Particular emphasis
was placed on minimizing energy losses because of the limitations
inherent in using lead-acid batteries.

A siagle, separately-excited DC motor was used, driving the front
wheels through a fixed-ratio transmission. Speed control was by means
of field and armature choppers, and regenerative braking was
incorporated. Eighteen improved lead-acid propulsion batteries were
packaged in a tunnel extending from behind the drivetrain and front
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a. General Electric/Chrysler ETV-1

h. farrett AiRegcarch ETV-2

Figure 6, Twn Eleciric Teat Vehicles
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suspension into the rear compartment. The tunnel width was minimized
in the passenger compartment by using a single row of batteries. This
raduced width resulted in less frontal area than is possible with
side-by side bhatteries. Extensive wind-tunnel testing produced a body
design with a low Arag coefficient. Low frontal area, combined with
the final body design, resulted in exceptionally low aerodynamic drag.
Changes to the exterior were coordinated with styling and manufacturing
to ensure a final design that was aerodynamically clean a3 well as
attractive and producible. Details of the development and design can
be found in the Phase II report produced for JPL by General Electric
{Ref. 17).

b. éarrett Rlectric Passenger Vehicle

The Garvett AiResearch electric test vehicle (ETV-2) used advanced
technology in both the powertrain and the body/chassis. The system
design approach emphasized the development of an innovative powertrain
subsystem and its integration into the vehicle design. Weight and
power budgets were used as tools to aid in achieving performance
objective.

The powertrain incorporates a flywheel to provide transient power
for high-power modes such as acceleration and hill climbing.
Regenerative braking energy is stored in the flywheel. Using

flywheel-stored energy reduced the peak current rating required of
electrical components, such as switching devices and the main traction

motor. The load-leveling effect of the flywheel reduces battery peak
current drain and aids in extending battery life. An additional
benefit is that the acceleration capability o¢f the car does not degrade
as the battery pack is discharged during daily use. The 18
tubularplate lead-acid propulsion batteries were packaged in a tunnel
extending from the front of the car through the passenger compartment.
The powertrain was packaged in the rear compartment. Batteries were
mounted two-abreast throughout the tunnel, except for the two rear
batteries, which were mounted in tandem in order to provide more hip
room in the rear seat.

The body is of unitized design and was made of light weight

fiberglass-reinforced plastic. Plastic glazing was also used along
with other weight-saving features. These featuras resulted in a

potential 108 reduction in curb weight compared to conventional
automotive design practice. Reference 18 contains the ETV-2
development details.

Both the ETV-1 and ETV-2 vehicles were delivered to JPL for Phase
I1I Test and Evaluation. The ETV-1 represented a significant step
forward in the development of an acceptable electric passenger

vehicle. Developed using a total system design approach, the various
electrical and mechanical subsystems were properly integrated to

produce an aesthetically pleasing vehicle having outstanding energy
economy. The ETV-2, assisted by its electromechanical flywheel,

demonstrated rather impressive acceler: on performance while providing
a load~leveled environment to the batte.y subsystem. The energy lost
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in overcoming the flywheel parasitic drag, however, caused the overall
system afficiency and energy consumption to be poor. Both vehicles
suffered from battery subsystems which delivered less performance than
expected. The complete results of the JPL test programs are reported
in References 19 and 20, respectively.

Although the current overall Electric and Hybrid Vehicle Program
emphasis has changed, the major goal of the NTFV Program was to
convince both industry and the consumer that the electric vehicle could
be a viable and desirable transportation option. The direct way to
achieve that ycal was to demonstrate the technology at the vehicle
system level. The consumer buys total system performance and is not
sensitive to whether that performance is derived from a better battery,
a better transmission, or a better controller. The system approach

assures that the pieces fit together to fulfill consumer performance
Gemands.

Application of the system engineering approach in the NTEV Program
produced a marked enhancement in performance, styling, maintainability,
and safety of electric vehicles. While system, subsystem, component,
and battery development programs continue to offer promise of even
better electric vehicles in the future, this first step showed that

electric vehicles had the potential to progress from curiosities to a
warketable reality in the near future.

2, Near-Term Hybrid Vehicle Program, Phase I

Because of the complexity and potential Adiversity of possible
hybrid vehicle candidates, four contractors were selected to conduct
mission analysis, engineering trade-off analysis studies and
preliminary vehicle design. At the conclusion of this effort, each
contractor submitted proposals for a Phase II final design and vehicle
build activity. All studies concluded that parallel hybrid propulsion
configurations (where both the heat engine and electric motor are
mechanically coupled to the drive wheels) were superior to series
configurations (all drive power provided by the electric motor). Each
design projected significant petroleum savings which were a function of
the cost and performance; the sensitivities to these parameters varied,
however, due to differences in battery life and cost assumptions.

After a rigorous procurement evaluation, the General Electric
Company (Corporate R&D) was selected to proceed with a 2-yr effort to
develop a hybrid test vehicle. The general objective of the Hybrid
Test Vehicle Program was to develop an experimental integrated
powertrain, consisting of both an internal combustion engine and an
electric motor and to evaluate the powertrain in a passenger car
arplication. The Phase I study had indicated that a hybrid vehicle
could save 50-75% of the petroleum used by a conventional vehicle
without sacrificing mobility, performance or comfort. Mission analysis
had 3zhown that hybridizing a 5 or 6 passenger vehicle offered the
greatest potential for saving fuel. The reference vehicle selected for
comparison with the hybrid test vehicle was a projected 1985 version of
the General Motors intermediate-size (A-body) car: although it was
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recognizad that the hybrid test vehicle would necessarily be limjited hy
ts 1980 chassis technology.

The primary hybrid test vehicle requirements included:
(1) Capacity for five adult passengers

(2) Equivalent cargo capacity to the internal combustion
engine baselinae

(3) Continuous cruise speed of 90km/h (56 mph)

(4) Acceleration from 0 to 90 km/h (56 mph) in less than
15 8

(5) Capability of climbing a 37% grade at 90 km/h (56 mph)

(6) Ability to meet applicable Federal Motor Vehicle
Safety Standards (September 1978)

(7) Ability to meet 1981 Federal Statutory Emission
Standards

An important design goal for the hybrid test vehicle was to

achieve a vehicle design with an average life-cycle operating cost
(¢/mi) competitive with the reference internal combustion engine
vehicle at projected 1985 gasoline and electricity prices.

To minimize development cost, the hybrid test vehicle was designed
to make maximum use of existing production components. The body center
section and the interior were taken from a General Motors A-body Buick
Century (1980). The hybrid test vehicle was stylized both front and
rear. It features front-wheel drive, independent front suspension,
power rack-and pinion steering (modified Chrysler K-car) trailing arm
and beam rear suspension, power brakes (General Motors E-body), and air
conditioning. Morse Hy~Vo type 2300 chains are used to transfer torque
from the heat engine and the electric motor.

Because of the inherent complexity, two mule vehicles, employing

progressive degrees of sophistication, were created and tested enroute
to the final hybrid test vehicle.

The hybrid test vehicle powertrain schematic (Figure 7) shows the
various components in the hybrid powertrain. As indicated, both the
gasoline engine and the electric motor can be coupled into or decoupled

from the driveline using clutches whose operation is controlled by the
microprocessor.

The heat engine is a 1.7 liter, fuel injected gasoline engine
manufactured by Volkawagen/Audi developing 74 SAE horsepower at
5000 rev/min. A key feature of the hybrid test vehircle is the on/off
operation of the engine, which means that the engine i3 operating only
when its output is needed to power the vehicle. A sprcial fast-acting
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Figure 7. Schematic of the Hybrid Test Vehicle
Propulsion Subsystem (Ref. 21)
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clutch was designed which permits starting and stopping the engine in
less than 0.3 s.

The electric motor is a General Electric DC, separately excited

motor with a continuous rating of 24 horsepower and a speed range of
2400 rev/min (base speed) to 6000 rav/min. The motor is controlled by

battery switching and a transistorized field chopper.

The batteries were a special high-power~density design developed
by the Globe Division of Johnson Controls. The battery pack consists
of ten 12~V modules weighing approximately 830 1lb (including the
container and support equipment).

Details of the development and design of the hybrid test vehicle
(Figqure 8) can be found in Reference 21.

After delivery to JPL, the hybrid test vehicle underwent the Phase
III Test and Evaluation part of the program (Ref. 22). The hybrid test
vehicle was found to have successfully demonstrated the integration and
application of several new or previously unproven technologies,
including on/off internal combustion engine operation in a
hybrid-vehicle application, dual power subsystem blending with
acceptable drivability, and a microcomputer-based complex vehicle
control subsystem performing closed-loop power control, transmission
shifting, and starting clutch modulation.

D SYSTEM-LEVEL TEST AND EVALUATION

) 8 Background

Many new technologies and disciplines grew out of the space
program. Several painful lessons were learned en route to developing
successful spacecraft. The concept of system-level testing is a prime
example. The Jet Propulsion Laboratory and other aerospace contractors
found out early on that the practice of bringing together even
carefully designed subsystems for final assembly and check~out always
resulted in the discovery of unanticipated and often very challenging
new problems due to "system interactions". The development of
gophisticated electric and hybrid vehicles poses many of the same
generic problems and can, therefore, benefit substantially from an
integrated approach to system design, development and testing.

2. System-Level Testing

Although a vehicle's natural environment is outdoors and on the
road, it is virtually impossible to conduct precision tests under those
conditions. The vagaries of weather, road conditions, and the
requirement for onboard test instrumentation combine to thwart any
serious attempt to quantify subsystem operations making up the total
system performance. Although not simple, precision dynamometer testing
provides the only reasonable alternative.

41




The General Electric Hybrid Test Vehicle

Figure 8.




The key to accurate dynamometer testing lies in the setup
procedure, hased on road-inad determinations. Coastdaown testing is the
most direct method by which to obtain the necessary information.
Although it is a simple principle, properly conducted tests are, in
reality, very difficult to perform; the wide range of weather and
seasonal effects require that sufficient precision is adopted in order
to deduce aerodynamic and rolling resistance_coefficients so that
standard condition principles can be applied”. This very demanding
pracedure has been under development at JPL since 1975 and was first
reported in Reference 23. Testing of battery-powered vehicles,
however, added a new and difficult dimension to these well-developed
automotive test procedures. New instrumentation had to be designed in
order to measure the high-frequency chopped current signals.
Battery-charging procedures and test termiration criteria had to be
developed through iterative processes. Standardized test procedures
were developed (e.g., initial electrolyte temperature). In addition to
these, one must deal with an energy source (the battery) which varies
with age and use pattern (each discharge is dependent on the profile of
the previous discharge). Nevertheless, by appreciating and addressing
all of these problems, the system-level engineering test activity at
JPL has provided the electric and hybrid vehicle community in general,
and component (mainly battery) manufacturers in particular, with a
credible test capability for making subsystem and total vehicle
evaluations. Because dynamometers have often been used in the past as
imprecise loading devices for relative measurements, a skepticism
exists in the minds of many regarding dyno results. Often uncontrolled
vehicle tests on city streets and highways carry more credibility with
the uninformed. In an effort to address that issue, carefully
conducted track (road) tests were performed on the ETV-1 following dyno
testing (Ref. 24). The results indicated that when both types of tests
are carefully controlled and performed, the results will be identical,

although track testing is far more difficult and expensive to perform
properly.

During FY79, dynamometer tests were conducted with the so-called 2
x 4 vehicles in order to determine requirementa for vehicle integration
of the batteries from the near-term program (nickel-zinc, nickel-iron,
and improved lead-acid). It was anticipated that these requirements
could be incorporated into specifications to be used in the procurement
of vehicles for deployment in the DOE Electric and Hybrid Vehicle
Technology Demonstration Program. The engineering tests indicated that
although significant range improvement relative to standard golf-cart
lead-acid batteries could be demonstrated, there were serious
development deficiencles in both the batteries and the 2 x 4 vehicles
(Ref. 11). As a result, it was recommended that DOE indefinitely
postpone its plan to procure a number of these "upgraded" vehicles for
the Demonstration Program.

More recently, the system-level test activities have taken two
distinct forms:

11f this approach is8 not taken, even carefully conducted coastdown
tests could introduce dyno setup errors of huge proportions.
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(1) The investigation and evaluation of a particular

componant or suhsystem (i.e., deavelopmental hattaries)
in the system environment.

(b) The test and evaluation of thae vehicle itself.

The first, and perhaps most notahble, complete vehicle syatem
evaluation performed by JPL was on the NOE ETV-1 (Ref. 19). This
vehicle represented a true state~of-the-art electric vehicle and it was
recognized that it would hecome the benchmark against which all other
electric vehicles would be compared for years to come. It was also
anticipated that following test and evaluation, the ETV-~1 would be an
ideal testbed for system-level tests of developmental batteries. For
these reasons, particular emphasis was placed on underastanding the
detailed operation and energy flow throughout the vehicle. Figure 9
shows, by component and loss mechanism, how the energy leaving the
battery terminals is consumed during an SAE J227a D dAriving cycle. As
a minimum, this sort of system-level engineering data is absolutely
required to evaluate the operation of a complex vehicle system. Having
such a detailed knowledge of the operation of this state~of-the-art
vehicle made it an ideal choice as a testbed for developmental
batteries. Batteries were not installed but were run through the BETV=1
powertrain by the use of an umbilical power cable.

Because batteries are to some degree dependent on the load
waveform , a second testbed was used as well. The Jet Industries 750
converted Rabbit pickup was chosen since it employed a simpler, lower
frequency controller typical of current limited production electric
vehicles. In some cases the batteries were actually installed in the
pick-up bed in anticipation of limited dynamic environment (road
vibration, g-loads, etc.) evaluation. Tests of developmental batteries

in system environments provided by these two vehicles are reported in
References 12 and 13,

The ETV-2 (built by Garrett AiResearch), with its
electromechanical flywheel, was a much more complex drive-line.
Designed primarily to load-level the required battery output, the
system worked, but at great cost in overall efficiency due to parasitic
and standby energy demands. Acceleration performance was also enhanced
due to the additional short-term power available from the flywheel. A
complete report on the operation and evaluation of this vehicle is in
Reference 20. Because of the added complexity and variable states of
the flywheel, the ETV-2 was never used as a testbed.

The final vehicle development managed by JPL was the General
Electric hybrid test vehicle. This powertrain (Figure 7) was by far
the most complex system produced under the DOE Program. Testing and
evaluating it under the Phase III activity at JPL presented many new
challenges. The transient behavior of the varinus elements as a
function of power demand and battery atate of charge rerquired novael
apprnaches to the data gathering and interpretation process. To
address these lssues, a dedicated task was identified at JPL to devise
a hybrid test methodology while the hybrid test vehicle was still a
paper concept (Ref. 25). Two mule vehicles were developed as a part of
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the Hybrid Test Vehicla Program to chackout and refine certain features
of the drivetrain prior to tha final vehicle huild. Thess vehicles
ware also dalivered to JPL and provided pathfinder rolas in tha

rafinement of the hybrid test procedures.

The dasign objectives of the hybrid test vahicle ware to provide a
general purpasa, 5~passenger vehicle which wiuld save a significant
amount of petrcieum (compared to a convantional internal combustion
angine counteipart) while meating the various statutory requlations for
emissions and rxfety. Bacausa of the power management strateqgy adopted
by the hybri/ “est vehicle which requires the heat engine to start
instantly (o». .emain off for long periods), it is both formidable and
unfair to require that emission standards be rigidly interpreted and
enforced at every point in time. Rather, one muat look at the
contribution over some longer, more meaningful length of time; say, on
an annualized basis. It follows that fuel economy (and fuel savings)
should he viewed in much the same manner since it varies directly with
daily miles driven (battery state-of-charge). In order to analyze data
from this context, it was necessary to develop statistically valid
annual travel patterns and then synthesize the test data from Federal
urban and Highway cycles over the annual pattera.

The hybrid test vehicle, even though based on 1980 technology,
demonstrated the capability of a hybrid vehicle to achieve significant
net petroleum savings while maintaining the performance and range
characteristics of internal combustion engine vehicles. Table 2
indicates that the hybrid test vehicle d4id, in fact, meet its primary
goal of significant petroleum savings over the reference vehiclel.

The complete results of the JPL Phase III testing can be found in
w......Reference_22, _Future h

savings by such improvements as: (1) reduced w#weight and improved
aerodynamics as used in current (1984) internal combustion engine
vehicles; (2) a power management subsystem that emphasizaes petroleum
savings by making additional use of the microprocessor control
subsystem and of driver-controlled performance selection: and (3)
better matching of components to the hybrid vehicle system
(transmission, int.rnal combustion engine, accessories, and especially
the battery).

E. SYSTEM ENGINEERING

JPL has been providing the DOE Program with system engineering on
gseveral fronts. Systems principles are always present in any
gsuccessfully managed task. Nowhere is the system role more important,
however, than in the determination of development rsquirements. This
provides the critical link between the overall Program objectives and
the implementation of a st.uctured development plan.

Ithis was ancomplished by using Delao nickel-zinc batteries which
ware a much hetter match to the aystem requirements than the Globe
lead-acid batteries delivered with the hybhrid test vehirle.

A6
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Tahle 2. Hybrid Test Vehicle Annnal Average Performance
(Parivad from Raf. 22)

Fuel Economy, mi/qgal Patroleum Saved, %
Driving
Cycle
HTV 1980 Ref 1985 Raf 1980 Ref 1985 Raf

Federal Urban 43 21 24 51 44
Faderal Highway 34 29 34 15 0
Combined Urban and 39 23 27 40 31
Highway

AIncludes that portion of equivalent fuel required to generate the
necessgary electrical energy.

1. The Systems Role

The phrase "system engineering™ is clearly overused and often
misunderstood. Although it is a somewhat nebulous concept, having many
interpretations, it is essentiul to any efficient engineering process.
A close cousin to "common sense", the system approach is a structured
method by which to iteratively move from the general goals and
requirements to the specific system implementation.

In order to guide technology development and provide some
measurement of progress, intelligent goal-setting is absolutely
essential. The system approach to goal setting, promoted by JPL,
focuses on the primary goal nof the DOE Program; namely, significant
petroleum displacement through the introduction of electric vehicles
into this nation's personal transportation fleet. This requires an
analysis of the probable missions or use patterns of vehicle concepts,

followed by the application of tradeoff studies to determine which
elements of the vehicle subsystems contribute most significantly to the

performance cbjectives. The success equation has many other dimensions
beside the obvious performance parameters of range, acceleration rate,
and energy consumption. Equally important are the broader lmplications
suggested by such items as:

(1) Cost (initial and operatiang)

(2) Safety

(3) Reliability

(4) Comfort and drivability
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(5) Supporting infrastructure

(h) Materiala availahility

These and other annasiderationa must he fdentifled and factarad
into the subayatem davelopment procesa.

2, Suhgyatem Development

More than any other component, the hattery suhaystem affacts and
is affacted by the rest of the vehicle system. Because of its pivotal
role, it provides an excellent example of why subsystem development
must he quided by a strong system activity. A development process
philosophy must exist, either formally or informally, for a subsystem
to be successfully developed. A major white paper and several
presentations to DOE and the field centers were delivered by JPL during
1982 in an effort to bring the system discipline to the overall DOE
Program. Figure 10, a schematic representing an idealized subsystem
development process, was used for discussion purposes.

The DOE goal is the process driver which suggests a range of
appropriate vehicle/mission targets from which the related subsystem
goal sets are developed. An analytical methodology was developed to
evolve battery subsystem requirements consistent with these
objectives. Figure 11, from Reference 26, is a aimple example of how
Program goals, interacting with system constraints, combine to yield
subaystem goal sets for a particular battery development activity.
These goals cannot simply be passed "under the door," never to be
reexamined. Figure 1.0 indicates how interactive the process really

is. The Jet Propulsion Laboratory has continued to make the case that
by using such a methodology, subsystem and component development can be

properly gvided and influenced. This approach, if supported, maximizes
the probability of matching the subsystem development to the goals of
the Program and minimizes the unwelcome discovery of eleventh-hour
"show stoppers".

F. SYSTEM ASSESSMENTS

One of the more important roles played by an organization having
the responsibility for system guidance, is the performance of periodic
agssessments. These can be used to determine baseline status, measure
progress against established plans or to generate the goals upon which
strategic planning is based. 0Often these purposes are combined in

order to provide the insight necegaary to efficliently focus program
resources, The Jet Propulsion Laboratory has performed four maijor
aggessment tasks since 1978:

(1) Tha 1978 state-of-the~art asseagsmant

(2) The hybrid vehicle potential assessment
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(3) The advanced vehicle assessment

(4) The hybrid vehicle assessment

1. The 1978 State of the Art Assessment

An important input to planning any new program thrust is a
confident knowledge of the current status. To this end, JPL undertook
a task to identify electric and ' sbrid vehicles which were currently in
use, and to determine their strengths and shortcomings from the
perspective of individual and fleet users. Information was gathered
through the use of questionaires, telephone interviews and site
visits. The effort was truly international in scope including site
vigits to users and manufacturers of electric and hybrid vehicles,
battery and component manufacturers, and administrative agencies in the
United States, United Kingdom, Germany, France, Italy, and Japan.

The resulting report (Ref. 27) concluded that although there was
significant enthusiasm evidenced by many individual and small corporate
enterprises, these ventures had not been able to produce electric
vehicles having widespread public acceptance; and that the underlying
reasons for this went well beyond the limited performance demonstrated
by these efforts. Specifically, the most severe impediments to the
acceptance of electric vehicles were initial cost, reliability and the
infrastructure necessary to support maintenance and repairs.

2, The Hybrid Vehicle Potential Assessment

Combining the best features of one system with the best features
of another has been an intriguing idea since the dawn of invention.
Flywheel assisted internal combustion engines were investigated in the
late 18008 in order to improve performance. Twenty years later,
internal combustion engines were combined with highly dewveloped and
successful electric drivetrains as a means of increasing range and
powering accessories. More recently (mid-1960s), the same combination
was reevaluated as a means to reduce atmospheric pollution. This
1978-1980 JPL hybrid study addressed the potential of the hybrid
concept to save petroleum. In particular, the study objective was to
determine if there were hybrid designs and applications offering large
enough reductions in pctroleum usage to warrant major expenditure of
DOE R&D funds. A secondary purpose was to identify those critical
technical areas where R&D could bhe most usefully concentrated.

The study results (Ref. 28) indicated that the hybrid concept had

significant potential to save 50 to 80% of the petroleum presently
burned in conventional vehicles. Early results from this activity

served as tne technical basis for the DOE decision to move into the
hybrid test vehicle development previously discussed.
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3. The Advanced Vehicle Assessment

In support of the DOE Advanced Vehicle Development Project, JPL
was given a task to provide the technical foundation and make
recommendations for research to support the most promising nonpetroleum
electric or hybrid vehicles from a system perspective. The target was
a family of general purpose petroleum-fueled heat~-engine vehicles in
the mid-1990s time frame. The approach was top-down and systematic in
the sense that the analysis was based on the functional requirements of
the mission and vehicle rather than the capabilities or limitations of
the subsystem technologies. The flow chart of Figure 12 summarizes the
agsessment methodology which was followed. This approach also
introduces the influence of industrial and consumer preference in the
development of technologies.

The task was initiated w.th the Electric and Hybrid Vehicle
Advanced Technology Seminar (Ref. 29) held at Caltech in December
1980. This provided a forum for the discussion of advanced concepts
and development projections. Accurataly projecting the march of
technology is a difficult assignment at best. However, significant
effort was expended to involve the technology developers and the
cognizant field centers in an evaluation and projection process
conducted by JPL (Ref. 30).

The system evaluation effort involved far more than simple
performance characteristics. The analysis endeavored to take into
account the many real but nebulous attributes which seriously affect
the operation or suitability of a system. For instance, driving
profiles were characterized by 24~h and annual use patterns to evaluate
the impact of start-up, shut-down, charging and other time-related
characteristics. Other factors included reliability, maintainability,
safety and aftermarket support requirements. Multi-attribute decision
analysis was used in order to determine the advanced vehicle attribute
values and relative weightings that reflect the preferences of
high-level decision makers associated with the automotive industry.

Preliminary assessment results were presented during the summer of
1983. Tre general conclusion was that if battery developments
continued along their present evolutionary path, few could hope to find
application in a viable electric vehicle. The Jet Propulaion
Laboratory subsequently issued a multitude of small contracts to the
various batiery developers requesting design flexibility information.
That is, developers were asked to determine whether they had sufficient
design flexibility to project a battery with more nearly the desired
qualities., This atmosphere set the tone for a second system assessment
seminar held in mid-December 1983 (Ref. 31). Following receipt of the
contract deliverables, an independent panel of experts (under the
direction of JPL) evaluated and interpreted the design projections.
These were used as input in a refined system asseasment methodology
which evaluated the various advanced component technologies for
electric and hybrid vehicle applications. Subsystem strengths and
weaknesses were identified so that 70F funding could be more accurately
targeted (Ref. 1).
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4. The Hybrid Vehicle Assessment

Hybrid vehicles are generally regarded by the automobile industry
as promising high-risk concepts with insufficient near-term potential
to stimulate significant private sector development initiatives. With
the background of the hybrid vehicle potential assessment (1980), the
development of the hybrid test vehicle and the assessment methodnlogy
of the advanced vehicle assessment, the hybrid vehicle assessment was
launched. Although hybrids were included in the advanced vehicle
assessment, only very simple configurations and strategies could be
considered. The assessment was the first study to comprehensively
identify and evaluate (for petroleum savings) the broad spectrum of
reasonable physical configurations and energy management (power
sharing) strategies. The extensive data base developed in support of
the advanced vehicle assessment was also used for the hybrid vehicle
assessment. Particular use was made of the mission definition
methodology (development of 24~h and annual use patterns) and the
projected characteristics of near-term and advanced batteries.l The
overall hybrid vehicle assessment strategy that was adopted is shown
schematically in Figure 13.

The analysis was based on the DOE Program objective to achieve
national petroleum savings and included the following assumptions:

(1) Future petrochemical fuel shortages are likely, and
substantial petroleum savings will be required.

(2) Performance, comfort and safety of any hybrid concept
must be comparable to the characteristics of 1990
conventional vehicles

(3) Annual travel patterns in 1990 will be similar to
those observed in 1978 (e.g., 1978 National Personal
Transportation Study data are valid)

(4) Consumers will require at least the level of mobility
presently enjoyed by a 50th percentile driver even in
a petroleum-gcarce scenario.

‘'he hybrid vehicle design analysis techniques were used to develop
alternate vehicle concepts, identify the major characteristics of each
concept, select components, size the vshicle and evaluate energy
management strategies. Alternative designs were developed with the
raecquirement that passenger volume, cargo capacity and accessories be
similar to those of a reference vehicle of identical performance (with
respect to speed, acceleration and gradability). Computer simulations
were performed to estimate the petroleum requirements of each
conceptual vehicle. Petroleum savings potential was determined by
comparing the hybrid vehicle consumption to that of a conventional

lrhe advanced vehicle assessment completed in late 1984
actually used updated battery characteristics after developers
responded to design flexibility issues.
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refarence vehicle having identical performance and driven in the same
way. From thia process, many hybrid vehicle designs promising
significant fuel savings over their internal combustion engine
counterparts were identified. These con.eptual designs were not
sufficiently detailed to justify the preparation of vehicle production
cost estimates. Alao excluded from the Phase I report (Ref. 32) are
issues of environmental requirements, aftermarket and infrastructure
requirements or electrical utility impacts.

5. Supporting Assessment Tools

The credibility of any assessment depends upon the methodology (or

logic-flow process) and the specific tools employed (math models, data
base, procedures, etc.). Many tools were created specifically for or

adapted to, the needs of the various JPL assessment activities. These
included:

(1) Vehicle simulation programs
(2) Component sizing routines
(3) Mission analysis (driving patterns)

(4) Multi-attribute decision analysis

a. Vehicle Simulation Programs

A comprehensive vehicle/component simulation tool is absolutely
essential to evaluate conceptual designs in support of the assessment
activities just described. Rather than building such a tool from
scratch, JPL contracted with General Research Corporation in 1978 to
modify and expand an existing program named ELVEC. ELVEC has been
continuously expanded and enhanced since that time and has been
available on the General Research Corporation timeshare network
(Ref., 33). For all the power and detail in this user friendly 16,000
line program, there were some limitations due to its architecture.
Design optimization in particular required a significant amount of data
manipulation and off-line analysis. As a remedy, a contract was placed
with the University of Florida to bring ELVEC (and HEAVY, a Boeing Co.
developad electric and hybrid vehicle simulator) into Tortran 77
standards and to combine the hest features of ELVEC and HEAVY with an
"optimization driver", This task will be completed by December 1984
and will be available through a timeshare arrangement through the
University of Florida.

Other simulation toola have also been used at JPL to support
electric and hybrid vehicle activities on an ad hoc basis. The HYVEC
program is a specialized, but generally undocumented, vehicle simulator
which was originally conceivad to analyze tne Garrett flywheel-electric
ETV-2 powertrain during ita development. A modified verxsion of HYVEC
was taken and used by General Electric in the development of the hybrid
test vehicle. The ease with which many physical configurationsa could
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be modeled made HYVEC the simulator of choice for the hybria vehicle
asgessment.

b, Component Sizing Routines

To perform fair evaluationa of competing alternative dasign

concepts, it is necessary to abide by a rigid set of component sizing
rules. The geuneral guideline is that for any vehicle class, the
operator would perceive identical performance, comfort and utility
regardless of the componentry. The process is iterative in nature and
is represented schematically in Figure 14. The performance
raquirements which drive the component sizing are acceleration,
gradability and range. Acceleration requires a short burst of power
but the grade requirement lasts for several minutes. Electric motors
can provide up to 200% of their rated power for 30 s, but may be
limited to about 110% for 3 to 5 min unless external cooling is
provided. Transmissions and heat engines can be sized on the peak
power (usually acceleration). For batteries, the peak power
requirement of the cycle or acceleration determines the battery weight
i€ the battery is power-limited (i.e., power capability becomes too low
to meet the cycle before the battery runs out of energy). For an
energy limited battery, the weight is governed by the requirements of
the range parameter. It is alsc necessary to include a weight

propagation factor due to the interactive weight growth of associated
structures and dynamic components.

In the case of a hybrid vehicle, where power requirements may be
shared between an electric drive and a heat-engine drive, the sizing
methodology is far less specific; options can only be bracketed in

terms of volume available, battery mass fraction, total vehicle weight,
etc.

Ce Mission Analysis

A measure of acceleration, gradability performance or energy
economy at cruise conditions is important, to be sure, but since real
vehicles switch continuously between all these modes, any single one
cannot itsgself provide the measure of goodness. A driving cycle, or a
gseries of cycles, approximating the type of duty cycle a vehicle might
actually experience, must be the basis upon which alternative concept
vehicles are compared. For many subsystems, and batteries in
particular, the use pattern (trips per day, length of trips, etc.) may
be as important as the cycle itiself. Such attributes as thermal loss,
self-discharge, charge time, etc. can only be evaluated by introducing
the rigors of daily and annual use patterns. To support the various
JPL assegsment activities, a task was created to develop these missions.

The National Personal Transportation Study conducted by the U.S5.
Department of Transpo tatjon in 1977-1978 (Ref. 34) provided the basis
for this effort. By applying standard statistical methods to this

information, probability functions for daily travel were operated on by
a Monte Carlo simulation to yield annual travel patterns. The result
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i for a 60th percentila vehicle traveling 16,000 km/yr is shown in

Figure 15. Paortions nf the Enviranmental Protection Agency urbhan and
highway cycles were used to define the various profiies associated with
cartain trip lengths. The specificas of this task are reportaed in
Reference 35,

Each of the concept vehlicles considered in either the advanced
vehlicle or hybrid vehicle asseasmants were evaluated under these annual
use pattern conditions. Althongh several important time-dependent
parameters ware still ignored, this procedure identified many strengths

arnd weaknesses of the competing subsystems which might otherwise have
gone unnoticed.

d. Multi=-Attribute Decision Analysis

In the course of conduci:ing assessments, one must deal with a
collection of uncertainties beyond the obvious uncertainty of

projecting technological advances. This former group includes such
matters as:

(1) What are the imvortant issues or attributes which
should be considered?

(2) How should these attributes be ordered or given a
weighted ranking?

- Multi-attribute decision analysis is a process which provides
information to decision~makers for comparing and selecting from among
complex alternative systems in the presence of uncertainty. The
methodology of multi-attribute decision analysis is derived from the
techniques of operations research, statistics, economics, mathematics,
and psychology (Ref. 36).

Every analysis involving the preference ranking of alternative
systems requires two kinds of models. A system model and a value
model. The system model describes the alternative systems available to
the decision-makers in terms of the risk and possible outcomes that
could result from eich. The value model assesses the outcomes in terms
of the preferences of the decision-makers for the various
alternatives. The output of the value model is a multiattribute
utility function value for each outcome. Thege outcome utilities are
entered back into the system model where an alternative system utility
can be calculated for each alternative simply by taking the expected
utility value of the outcomes associated with each alternative system.
A gchematic of this process is shown in Figure 16. This structured
methodonlogy involving personal interviews with 30 to 40 high-ranking
decision mekers, was an effective way to address those important market
issues and forces otherwise ignored crs misunderstood. This activity
clearly identified that cost, maintenance and safety issues were the
mnat significant factora in the choice of a vehicle.
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ITITI. MAJOR FINDINGS

The praviona aectinn of this report briefly highlighted the major
activities undertaken by the JPL Electric and Hybrid Vehicla Project
aince 1ts inception. Each of thoge sRpecific tasks rasultedt in
informations useful to the Klectric and Hybrid vehicle Program and wan
conveyed through elther dalivarahle reports tao DOE ar preseantations i
the open literature and othar forums. It i8 not the purposae of this
aection to cull and restate the details of each activity's
conclusiong. That informat.on is heat gleaned from the context of each
specific report which is nither referenced or listed in the
Bibliography. Rather, this section develops its paerspective by moving
back one level of abstraction in order tc view tha hroader issues of
major findings and lessouns learned which cut across all the various
technical disciplines.

A tremendous amocunt of cXTETTeNt technical WorK has been
accomplished during the 7 yr course of this Program. DOE, JPL and the
other field centers can be justifiably proud of their accomplishments
which are many. The real value of a review, however, is not to praise
the successes but to draw wisdom from error. Hindsight is said to be
20/20; therefore, viewing activities from that perspective can yield
valuable insightc. Some of the following issues are raised, not to be

critical, but to provide the context from which to consider the
"lessons learned”. Any activity can benefit fr:'n an honest evaluation

of its strengths and weaknesses. It is in that .pirit that the
following comments are offered.

A. GOALS AND OBJECTIVES

The single most important element of any successful Program
structure is its overall goal. It is the central driver which gives
purpoge to all the supporting activities. Conversely, all activities
must find their justification in the fulfillment of this goal.
Significant petroleum displacement through the introduction of electric
and hybrid vehicles into the transportation fleet mix has been a
orimary goal of the DOE Electric and Hybrid Venicle Program since its
inception. Other objectives have found favor as well depending upon
the economic or political climate; these include emergency preparedness
and long-range R&D.

The petroleum digplacement goal is at once easy to visualize and
difficult to acceomplish. This i3 because much of the strategic plan
necessary to accomplish that goal is beyond the control of the NDOE. To
digplace a significant amount of petroleum, hundreds of thousands of
electric and hybrid vehicies must be produced, sold and nged, thus
requiring huge investments by industry in plants and equipment.
External events such as synfuels coming on line or a olentiful gasoline
supply (as now perceived) can prevent the necassary market acceptance
of the vehicles. Most significantly, it requires a return to the type
of activities characterized as "commercialization" whare the DOR wold
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necessarily assume some of the risks found unacceptable by industry.
While there may be some support for this type of program by the public
and in Congress, there appears to be no support for such a program in
the present administration.

The Emergency Preparedness objective requires the development of a
rapidly deployable, nonpetroleum vehicle option to be used in the event
of a long-term petroleum disruption. The Program's main interest would
be the establishment of plans, production demonstrations, mothballing
of assembly lines and stockpiling of certain materials to allow the
rapid startup of production of vehicles in an emergency period. 7This .
option could be compared to building a second strategic petroleum
resexve. The cost of the R&D and planning for this program would be
high, but the actual implementation costs in an emergency would be
enormous. Again, while the public and certain members of Congress
would have some interest, the current administration would not.

The Long-Kange R&D thrust develops generic technology to support
an eventual transition away from petroleum in personal transportation
vehicles. It is basically a level-of-effort activity with few tangible
or immediate objectives; thus providing the freedom to address all
types of technology with little focus. This sort of program has
complete autonomy and does not neecd cooperation from industry. It does
not have to concern itself with any type of commercialization activity
and thus cost goals need play no important role.

The latter is endorsed by the present administration.
Unfortunately, this approach will not satisfy the primary DOE goal
since 2 gap will always exist between the development of this
technology and its readiness for production. The time constants are
such (in our domestic automotive industry) that they ~annot react at
the rates necessary to take advantage of market force opportunities
brought on by the inevitable economic swings unless production-level
technology exists. Much of that gap cannot be addressed with a
.ong-range, generic R&D charter; and the industry perceives development
to be too high-risk or low-priority to be seriously purcued. Foreign
manufacturers, however, enjoying complete governmental support and
demonstrating a much shorter time constant, would likely be in a
position to develop and take the market for themselves. While this may
satisfy the primary DOE Program goal, it does so at great cost to the
domestic auto industry. )

The point of the previous discussion is this: social, political

and economic forces have been changing dramatically over the 7-yr life
of this program.

(1) The pervasi. petroleum shortages of the seventies,
which spawied the Electric and Hybrid Vehicle Program,

have disappenred and the sense of urgency to provide
alternatives has subsided as well.

(2) The philosophy held by the administration has moved
from embracing government-sponsoved commercialization
programs to eradicating them altogether.
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(3) The economy has been on a roller-coaster as inflation
shot up in the late seventies followed by a period of
deep recession and now cautious recovery.

In short, this has not been the sort of climate necessarv to
successfully bring abnut change. Orderly evolution requires periods of
relative stability with external forces remaining constant or
predictable. This has certa.nly not been the case in regards the
Electric and Hybrid Vehicle Program. As a result, these mixed forces
have worked to confuse the focus of not only the Program strategy but
that of the various tasks and activities being performed by the field
centers as well. Many tasks which had a clear purpose when conceived
were cf questionable value when completed. Some activities were
modified, midstream, to reflect the changing environment while others
were merely truncated. This is not to say that little of value was
accomplished. On the contrary, the technology has made major advances
in many areas. But, given the benefit of a more stabhle environment,
and clearly defined goals resulting in a uniform strategy, far more
could have been accomplished.

B. TECHNICAL PROGRESS

When the ERDA/DOE Electric and Hybrid Vehicle Program was launched
in 1976, many argued that marketable electric vehicles were only
awaiting significant improvements in the performance and cost of
batteries. That statement is more true today than it was 8 yr ago.
Major refinements in motors, controllers and vehicle system design have
evolved to the point that the only significant technical hurdle
remaining is the energy storage technology. These improvements have
combined to reduce the performance requirements of a battery
subsystem. The gap between what is asked of energy storzge subsystems
and what they can presently do has been narrowed, to be sure, but
several nagging issues stili remain. The reality is that improvements
in battery technology have been slower than many had anticipated.

In any developnant activity, a set of goals provides the forcing
function. If these goals are either nebulous, incomplete or off
target, the success of the activity suffers. During the first few
years of the Program, battery goals were rather nonspecific as befits a
research~-type activity. It was acknowledged that energy, power and
cost parameters all needed improvement but no measurable or
quantifiable targets were specifically generated or enforced (other
than in support of the Near-Term Electric Vehicle Program, ETV-1 and
ETV-2). This situation changed with the advent of the
commercialization thrusts of late 1979 and 1980. At this point, the
objectives of the battery R&D program became quite specific; to develop
and provide: (1) viable near-term batteries capable of powering
electric vehicles for 100 mi by 1986 and (2) advanced batteries capable
of powering electric vehicles for 150 mi by 1990. The Jet Propulsion
Laboratory and other field centers participated in analyses to convert
these top-level gonals into specific battery developmen' targets. The
intermediate requirements of range, acceleration, life and cost were
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subsequently translated into the now familiar near-term battery R&aD
goals of:

Specific Energy 56 Wh/kg at C/3

Specific Power 104 W/kg at 508 depth of discharge
Life 800 cycles at C/3

Cost 70 $/kWh (OEM)

Later review, coupled by the experience gained through in-vehicle
test activities have shown that these development goals were incomplete
and in some cases, inappropriate. That is, a battery subsystem could
be designed to meet all of the above stated goals and still be wholly
incapable of fulfilling the vehicle and Program goals. It turns out,

in fact, that battery development goals are unique to each technology
and must be revisited many times during the course of the activity.
This issue was the subject of a JPL white paper presented to DOE in
early 1982. It concluded thac to properly direct (or assess) an
electric vehicle battery development program, one must consider a
multitude of system constraints far beyond the four limited goals
currently being pursued. It went on to state that many of these
constraints were interactive and therefore could not be viewed
individually; rather that development should be integrated and directed
from a system perspective. Obviously, basic research had to remain
relatively unconstrained. However, the moment development efforts were
directed toward an electric vehicle application, the full consequence
of the system interface requirements must be addressed as completely
and honestly as possible. Only then could development efforts be
intelligently directed at the major technological barriers.

By ignoring these principles, many development activities have
focused on the wrong issues, making design choices which actually ran
counter to what was necessary. Specifying energy density and
cycle-1life goals under constant current conditions has proved to be
unfortunate. %“hile this may provide some useful information in
electrochemical circles, it has little significance in terms of vehicle
applications. It is entirely conceivable that two batteries could have
reversed rankings when viewing data from constant current or vehicle
duty--cycle tests. The ubiquitous C/3 constant current discharge
requires a battery to be discharged at a rate such that it will be
depleted in 3 h. Therefore, batteries with significantly different
capacities were discharged under very 4ifferent conditions making it
impossible to draw conclusions from the data regarding vehicle
applications. Some efforts to improve cycle~life have been
ill-conceived. Electrolyte agitation for lead~acid batteries or
vibrating nickel=-zinc plates (to reduce dendrite growth) are solution
paths which are probably unacceptable. Reliability, maintenance and
safety issues have been all but ignored in most battery development
activities. Although it has been arqued that many of the current
maladies visible in these development subsystems would be ironed out in
a production version, some are inherent to the basic design approach.
Safety issues can rarely be delt with during test and refinement; it
must be designed in from the beginning.
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Perhaps the number one concarn of a manufacturer today is product
liability. The Detroit OEMs are continually in the news concerning
rafety-related class-action suits and costly recall programs. They
will not put electric vehicles on the streets until they are convinced
that their reliability, maintenance and safety characteristics are at
least as good as the present internal combustion engine fleet. Sealed
battery technologies may be the only option acceptable to the
automotive community. If that is indeed the case, the whole direction
of some developments would have to be changed.

The point is this: the effort will likely end up off-target,
unless component development is continually guided by a strong system
role, which:

(1) Sets comprehensive, interactive requirements
(2) Evaluates progress

(3) Provides multiple feedback loops

C. SYSTEMS INTEGRATION

The DOE Electric and Hybrid Vehicle Program has been hampered by
the lack of a strong system integration activity. The various projects
and tasks conducted by JPL, Lewis Research Center, Argonne, Los Alamos,
Lawrence Livermore, Aerospace and others were operated in a rather
autonomous fashion. It is, of course, human and corporate nature to
carefully define turf boundaries only to mount raids resulting in
border disputes. Few natural urges exist, however which promote the
coordination und integration of activities. The Congressional funding
paths, reflected in the DOE organizational structure made coordination
at the field center level difficult at best. In an effort to
systematically coordinate the activities directed out of the two DOE
Divisions (Electric and Hybrid Vehicles and Energy Storage) and the
Electric, Hybrid and Advanced Vehicle Projects, JPL suggested the
creation of a Lead Center role. This function, proposed in 1980, was
envisioned to bring, under one management structure, the responsibility
for integrating and directing (with DOE approval) the technical plans
and accomplishments of the various field centers. While DOE
Headquarters embraced the logic and value of sunh a role, the funding
necessary to support such a task caused sevsral, less effective
alternatives to be considered. Ultimately, these efforts resulted in
the creation of the Prnject Integration Office which was limited to
providing little more than a monitoring function.

It was not until the advent of the advanced vehicle assessment
study, launched in FY8l, that the lack of coordination in the
technology development process was clearly dramatized. Because this
study involved a top-down system perspective of where the technologies
were heading, various inconsistencies, holes and gaps in the program

were easily discernable. Assembling the data necessary to support a
system-level assesament of the various bhattery technologies proved to
be a difficult task. The data standardization exlisting 'n the industry
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is not geared toward electric vehicle applications. As a result,
information was gathered in various formgs and had to be synthesized
(accepting the attendant uncertainties) in order to perform
evaluations. Simply stated, the data necessary to determine if battery
technologies (being developed for electric vehicle applications) were
suitable for that application, were largely unavailable.

In an effort to ameliorate that situation, JPL organized an
unofficial task force in September 1982. Representatives from JPL,
Argonne, Sandia and Aerospace were aasembled to address the interface
between battery development and vehicle system considerations. A
development process philosophy was presented in order to provide the
context for discussion of a strawman set of data requirements. These

actions led to an official DOE headquarters sanction and charter for
the Electric and Hybrid Vehicle Battery Test Working Task Force in

January 1983, This group has been highly successful in building an
interface between the vehicle system and battery development
communities in the specific area of data requirements. From Figure 10,
one can see that data requirements are a key element in an integrated
-approach--to-component—-developwent.----The .whole process, however,
involving goal setting and evaluation feed-~back loops, has not yet been
officially endorsed. Until a process involving all these elements is
understood, accepted, and implemented many ofportunities will continue
to exist for development activities to get otf-track.

D. GENERAL OBSERVATIONS

Electric and hybrid vehicles have the potential for providing
petroleum~-free transportation (other than that used in the generation
of electricity) for short trips comprising approximately 50 to 75% of
total annual mileage driven in the U.S. Recognized iimitations of
electric vehicles (available range) and hybrid vehicles (perceived
complexity) prevent their manufacture and use on a large scale at this
time because petroleum is readily available at an acceptable cost and
internal combustion engines are increasingly fuel efficient. However,
with the long term outlook of a costly and uncertain fuel supply, the
American public will, at some point, be willing to pay a premium for a
transportation alternative which is not totally dependent on
petroleum. Rather than giving up their accustomed mobility, the public
will accept such vehicles, even at the expense of reduced performance
and range. or for some reasonable cost premium. Therefore, the
availability of a mature electric and hybrid vehicle technology, at an
anticipated time of favorable market conditions, is in the national
interest in order to enable a timely response by automobile
manufacturers to public needs.

Flectric and hybrid vehicle technology is not qualified for mass

production. It is still quite primitive compared to its internal
combustion engine counterpar%t, which is understandable when the total
prior development activity is examined. Electric and hybrid vehicles
must evolve through several generations of vehicles with successively
higher performance capabilities and lower costs. Internal combustion
engine vehicles enjoyed such an evolution over several decades with
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market forces stimulating improvement. This will not happen to the
electric and hybrid vehicle. The very existence of the highly refined
internal combustion engine-almost guarantees that the electric and
hybrid vehicle cannot compete for manufacturers' R&D funds or capital
investment funds as long as the ghort-term liquid fuels outlook remains
broadly tolerable.

Thus, the electric and hybrid vehicle dAilemma! There are no
current market forces to stimulate the needed technology improvement
program by the industry. When market forces become favorable for
electric and hybrid vehicles, years of technology development will be
necaessary, in addition to the normal a- to 6~yr product development
cycle heretofore required by our domestic industry. A clearly
necessary Federal role, therefore, is to maintain the continuity of
electric and hybrid vehicle evolution (bridging market fluctuations) to
the point where major automobile manufacturers could respond in a
favcorable market.

An analysis of petroleum savings potential quickly results in the
conclusion that the passenger-car market is the only sensible target.
The petroleum consumed in commercial applications is insignificant by
contrast. That wisdom has prevailed in the Program since its inception
and is confirmed in the three DOE vehicle developments ETV-1, ETV~-2 and
hybrid test vehicle, which are all passenger cars. Unfortunately, as
previously discussed, no viable passenger car market presently exists.
There does exist, however, a small but enthusiastic group which is
interested in purchasing and operating fleets of small commercial
vans. The so~called Electric Yehicle Development Corporation (EVDC) is
made up of representatives from General Telephone and Electronics, U.S.
Postal Service and several power companies across the nation. This
appears to be the only viable near-term market available in which to
continue the evolution of electric vehicle technologies. uhe fleet
structure is also better suited than private ownership, to hondle the
vagaries of reliability, maintenance and safety which are weaknesses in
present battery technologies.

Any attempts to produce these vans on a marketable scale must
involve the established automotive community. Their participation may
not guarantee success but their absence will surely guarantee failure.
This lesson was painfully learned in early Program attempts to create
and vitalize a new grass roots electric vehicle industry with
incentives. Such things as qrality control, parts supply, repair and
other support services will be absolutely essential. Grass roots
competition can be successfully developed in the component supplier
industry for such things as batteries, motors, controllers, etc.
Chagsis development, integration, production and consumer services,
however, are best left to those cu’rently in the businesas.
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TV. RECOMMENDATIONS

It 18 reasonahle to assgume that the primary gonal for the NDNOE
Electriec and Hybrid Vehicle Program will remain the reduction of
foreign petroleum dependence in the United States. It can further he
assumed that the preferred way of accomplishing this geal would

minimize adverse effects on personal mobility, freedom of choice, and a
free market system.

These assumptions imply that the continuation of the Electric and
Hybrid Vehicle Program should involve implementation of activities
which are focussed on technologies which will: (1) be acceptable to
the general public, (2) perform competitively with appropriate internal
combustior engine vehicle market segments, and (3) be manufacturable at
a competitive initial and life-~cycle cost.

Clearly, if one could identify the technologies which meet these
requirements, the major continuing efforts needing DOE influence and
support would be easy to justify. However, past experience has taught
us that identifying these technologies is not only extremely difficult,
it is time-~dependent. Further, the time-dependency is due to factors
both internal and external to electric and hybrid vehicle technology.

Consequently, it is vital for the Electric and Hybrid Vehicle
Program to continue even through periods where none of the alternatives
seem viable. In addition, there is a clear need for both short-range
(1985-1990) first level and long range (1990-2000) secon-level goals.
Both gets of goals should include hardware and nonhardware activities,
but the hardware activities should be distinctly different. The short
range hardware should have a high probability of success and be
development or application oriented. The long-range hardware should
have a high potential payoff and be research or more generically
oriented. The converse of these activities, short range low success
probability and long~range low payoff potential must be avoided to
maintain a viable program perceived positively by those outside the
electric and hykrid vehicle maingtream.

It is important, even crucial, that continuing electric and hybrid
vehicle activities make efficient use of legssons learned to date. Some
of those lessons were learned under less restricted conditions which
are not likely to be duplicated so they must not be "wasted". Perhaps
the most important of these leasons is the necessity of using the
system approach to integrate studies, hardware development, and goal
setting activities.

A. SHORT-TERM RECOMMENDATIONS (1985-1990)

This period appears critical for maintaining electric and hyhrid
vehicle credibility since it is probahle, barring a major military
conflict, that petroleum will become neither unavailable nor
exceasively expensive. However, if the momentum is losat and the
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technology teams are dishanded it could bhe disastrous when the
inevitable fuel shortage does occur. Therefore, short-term
recommendations in the following armsasg are outlined helow:

(1) Planning
(2) Coordination

(3) Evaluation
(4) Hardware support

(S) Analysis support

(6) Systems function support

1. Planning

Clearly, intelligent planning is, and has been, a part of the
electric and hybrid vehicle effort from the begiuning. However, due to

the implications of several major efforts by JPL and others, it is
appropriate to:

(1) Revigit short-range goals. In the context of the
present plentiful fuel syndrome, greater emphasis
ghould be given in planning to the evaluation of
probability of success and to cost-risk~benefit
tradeoffs. Primary short-range goals should now be
directed more towards gaining sophistication in
analysis testing and integrating activities. Priority
should be given to maintaining a positive image
through fostering of appropriate projects.

(2) Redefine component performance goals. FEspecially in
the area of battery goals, system studies provide a
new perspective on desirable electric vehicle and
hybrid vehicle hattery characteristics. In light of
early system studies for example, battery energy goals
bagsed on C/3 discharge rates and power goals at 50%
DOD are clearly inadequate. These should be expanded
and redefined by DOE.

2. Coordination

One of the major problems of the early fragmented elect-ic and
hybrid vehinle activities was the coordination of various efforts.
This problem decreased markedly with time and is continuing to

decrease. However, there are three important areas where high level
coordinacion effort are still needed:

(1) Standardization
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(2) Joint ventures

(3) Meet.ings and meminars

a. Standardization

Standardization has already had a dramatic poai A affect on the
credibility of both analytical and experimental ~.iacv.ic and hybrid
vehicle activities. For example, the acceptance of the SAE J227a
driving cycles provided the possibility of a consistent definition of
range. Similarly, it has been possible to establish comparable hattery
performance specifications (albeit not yet adequate).

Additional near~term standardization efforts are needed in the
areas of:

(1) Cycle~oriented battery evaluation

(2) Definition of time-~dependent cycles for various
missions

(3) Definition of common missions

(4) Appropriate economic comparisons

(5) Data collecting and reporting format

(6) A method of quantifying probability of success
(7) Cormmonly used technical terms

While there has been some progress in standardization, much of it
is de facto standardization, within certain groups, and not
consistently accepted across the electric and hybrid vehicle
community. DOE can play a vital role by fostering formal
standardization procedures.

(1) Cycle-oriented battery evaluation. It is clear that
current goals and evaluation procedures are
inadequate. From a performance standpoint, the meat
important question for a battery is how well it
performs in a system environment. More specifically,
how much useful energy can it deliver while meeting
time-dependent vehicle power requirements, including
gelf-discharge effects and including all ancillary

requirements for self-protection and unattended
operation.

The evaluations, both experimental and analytical
gshould therefore incorporate discharge patterns
representative of those expected in typilcal
applications. While it is obvious that thes.
discharge patterns cannot be as detailed or as
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inclusive as annual driving cycle/patterns, they can
be sufficiently represaentative for a goad indication
of hattery viablility. DOE should actively work
towards the estahliashment of the new hattery
evaluation standards.

(2) Definition of time-dependent cycles for varions
missions using computer simulation. Recent computer
simulation work at JPL on 24-h cycles has used
portions of previously accepted driving cycles in
conjunction with "rest" times to make up the total
daily cycles. A number of different daily cycles have
been further combined to make the model annual driving
patterns. This technique appears to be quite workable
and has provided valuable insight, especially for a
system with high self-discharge batteries or
significant heat loss.

This concept should be continued and expanded to
provide annual cvcles for each mission which appears
of interest. Specifically, mission capabilities
similar to those considered in the advanced vehicle
study should be considered and standardized.

(3) Definition of common missions. The migssions included
in the advanced vehicle study were:

(a) The 80~-mi two-passenger commute vehicle

(b) The 100-mi, five-passenger electric vehicle
(c) The 150~mi, five-~passenger electric vehicle
(4) The 250-mi, five-passenger electric vehicle
(e) The five~passenger hybrid vehicle

This group, along with a class I and a class II
electric van, wonld include a good representative
crogs section of vehicle missions which fall within
the electric and hybrid vehicle potential capability.
However, since the recommendation is to standardize
these missions, including the detailed breakdown of
the driving cycle segments, a careful consideration
ghould be made by all segments of the prospec:tive user
groups of the standard missions.

(4) Appropriate economic couaparisong. There have been,
and will continue to be, major misunderstandings on
economic comparisons, unless standardizations are
made. These problems are magnified when projections
are made for alternative technologies 10 yr, or even
2} yr, in the future. Obviously no nne can accurately
predict interest rates or inflation that far in the
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(5)

(6)

future. However, many electric and hybrid vehicle
researchers are forced to make assumptionsg of that
type (along with many others) since so much of the
electric and hyhrid vehicle effort ia directed to
future avents. Alsn, the definitions of commonly uded
terms such ag "NEM cost" and the hasis for dollar
values ara often quits different with variouas qgroups.

Since many technical decisions are hased on economic
congiderations, it is8 vital that everynne is speaking
the same economic lanquage. The NOE should prepare
(or have prepared) a "white paper" on economic
comparison to distribute to all interested parties.

Date collecting and reporting format. All too often a

great deal of time, effort, and money are used in
collecting data that has limited usefulness for any
other group. This is due to a combination of
incomplete and/or inaccurate collecting of data, and
incomplete or improper reporting of the results. To a
great extent this problem could be alleviated through
the standardization of at least a minimum set of
guidelines. This should not be done unilaterally, but
through a corsensus of the typical groups involved in
the activities. The data summary notebooks prepared
by JPL and Argonne National Laboratory, and
coordinated by the Battery Test Task Force are
examples of how this issue could be addressed.

A method of quantifying probability of success.
Although a few attempts have been made to put
technology projections into their proper perspective,
it still remains a major problem to compare
technologies in various stages of development. For
example, projections relating to cost and performance
of a well-established technology can be made with near
1008 certainty. However, similar projections on a
brand new technology where the complete system has
never even been designed, much less thoroughly tested,
may have a near-zero certainty of being valid.
Intelligent choices, then, are not likely to be made.

An effort needs to be made to include in thea technical
evaluations, a standardized measure of the probability
of success that technology can perform as claimed in
the time period promised, and the ecunomics projected
are realistic.

This is an elusive goal with no obvious solution.
However, the apparent succeas of using a hattery
avaluation panel suggesta the possibility of
semipermanent groups of experts to be impaneled for
that purpose. A panel of this type could use an
accepted evaluation procedure in a consistent,




repeatahle mannaer to provide thae need.d
atandardization.

(7) Commonly used technical terma. This may be mare of an
1Tﬂ;;ﬁ;;;(;H;6“}ILﬂT7;7;;?ﬂ%f§uprnh1em. However, it is
one that could he dealt with and resolved in a fairly
diract manner. A llist of commonly used technical
tarmas (with potentially ambiquous meanings) should he
prepared. Thig list shonld be clronlated amang
interested qroups for their additions ur comments and
ultimately publighed for distribution throughout tha
alactric and hybrid vehicle community.

b. Joint Development Ventures

It is clear that while the individual researcher and small company
can make important contributions to the electric and hybrid vehicle
technology, it is extremely important to encourage the involvement of
the potential manufacturers. This applies not only to the basic
vehicle manufactures, but also those of critical components such as
batteries, motors, controllers, etc.

One way of accomplishing this goal is through the use of joint
development ventures. The nurturing and coordination becomes an
important activity which may well determine the success or failure of
the venture. All types of joint ventures should be explored if they
show promise of leading to an advancement in electric and hybrid
vehicle state-of-the-art. It should also be noted that involving the
manufacturing community will provide the additional benefit of causing

many previously ignored electric and hybrid vehicle development issues
to be addressed.

Coe Meetings and Seminars

With decreased emphasis on R&D for electric and hybrid vehicle
related projects, there will be fewer publications and technical
meatings for communication among interested groups. Thus, it is more
important than ever to coordinate a "core" of meetings and seminars to
keep the information flowing.

With the departure of JPL, the meeting most likely to be lost is
the continuation of the Seminar series which was begun in December of
1980. The second meeting was December 1983, and based on the response
and caliber of presentations, it should be held at least every 2 yr
beginning in 1985. 1In addition to the real-time axchange of
inforwation, the seminara result in a Proceedings which contains the
mogt up-to-date material from the most significant projects.

3. Evaluation

The following evaluation procedures necd to be continued and in
mnst cases, expanded:
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(1) Analysis procedures

(2) Tant procading ng
(1) Components in a syatem environment
(4) Proposed naw technology

(%) Probability of muacoedn

a. Analysis Procedure

Every analysis of real-world materials or events has limitations.
There are no perfect models (although some come close) so the results
nbtained through analysis are not perfect. The usefulness then, of an

analysis, depeads to a great extent on the compromises made to simplify
the approach.

Some of the compromiges made in the name of simplicity ox

expediency have been too extensive, thus making the results suspect.
And since the next generation of analyses should move to a higher level

of sophistication, a means of evaluating the analysis procedures should
be wstablished.

There are two elements to be considered in analysis evaluations:
assumptions and mathematical techniques. Assumptions should be clearly
identified, even if they appear cto be insignificant relative to the
results. Mathematical techniques also play an important role and must
be chosen carefully. For example, some curves may be approximated by
straight lines with little loss in generality in some cases, but if the
local slope of the curve is important it would be missed. Likewise
while a polynomial might appear to more nearly match a curve shape, it
right be totally wrong if an extrapolation is made to slightly outside
the original "fit" region.

The best way to review the analysis would be with a panel of 2 or
3 qualified people who specialize in analysis techniques.

b. Test Procedures

whether by accident or design, a significant number of teats have
been remarkably undocumented (outside of results). Undoubtedly, most
of these test were accompanied ‘by competent, carefully consldered
procedures. However, under these undocumented circumstances, the
regults may carry with them an air of uncertainty. Furthermore, the
docnmentation will be much more meaningful if documented in a manner
ammaigtent with similar work.

Congequently, Lt 18 not unreasonabhle to ask researchers Lo supply
gufficient consistent documentation with experimental work that the
proceduraes can be evalnated. At the least, this will provide a means
of commnicating an appropriate credibility with an experimental
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projact. The Battery Tesr Task Force recommendation of a standardized
teat for all electric velilole battery tedstas funded Ly DOK I8 a goad

axampla of addinssing this lansue.

" Companent s in a Syustem Fovioonmant

Enongh axperienca han bhean gqatined o alecterlo and hybrid vehtole
activitiea ta demonatrate that a aeomingly aaceeranfal component is
oftuen apactacularly nnanceessfal in oa gystom environmant . The reason
ia that when dealqning, testing, and avaluating an tgolated cowponent,
tha effacts of gystem interactiona aro misging. Often thane aystem
interactions play major rolea in auch thinga as afficlanay, stahility,
durability, maintainability, ntc.

Therafore, every effort should he made to address gystem
interactions early in the development process. If this cannot be done
experimentally, then the hest aystem models should be used to make
analytical evaluations.

d. Proposed New Technology

There have been and will continue to be new technologies proposed
in connections with electric and hybrid v=hicles. Some cf thesge
proposals will have merit, others not, and it is often difficult to
tell which is which.

JPL and other labs have played an important role in helping to
geparate those ideas with merit from the others. This has been
possible, at least ip part, Aue to the vast raservoir of technical
expertise available to the Elegtric and Hybrid Vehicle Project.

Since it will Le necessary to continue this function, at the least
on an ad-hoc hasis, DOE should identify the specific areas of expertise
likely needed and whether they can pe supplied internally or if

external sources will be needed. Suggested areas include, but are not
limited to, electrochemistry, turbomachinery, pumps and compressors,

structures, electric machinery, electronlics, microprocessors, internal
combustion engines, gear boxes and transmissions, vehicle dynamics, and

gystem engineering.

A, Technology Development Support

Thaere ave at least two classifications of technology development
which might be congidared for DOE support:

(1) Thoge highly vislible outside the electric and hybrid
vehicle community (e.q., a new vehicle)

(2) Thoge of low viglbility outside the electric and

hybrid vehicle community (e.q., a new electrode
matarial).




Those highly visible can do much toward generating positive

feelings about electric and hybrid vehicles if the demonstrations are
successful. They can do considerable damage, by generacing negative
feelings, if the demonstrations are not successful.

The almrst invisible technology davelopments are much more benign
and as such are subject to less pressure for succesasful
demonstrations. Thus, higher risk (with potentially higher-payoffs)
developments can and should be undertaken in this category, if they
support the success of relatively short range technology goals.

a. = High Visibility Projects

In the first category are several vehicle projects which seem to

have a good probability of success, both technically and from the

standpoint of enhancing the electric and hybrid vehicle image. They
are:

(1) The Ford ETX effort
(2) The EPRI/DOE van effort
(3) The Eaton van effort
While vans do not represent the best opportunity for conrerving

petroleum, they seem to be best suited for utilizing near-term

components. Specifically, vans have the volume and load capacity to
carry the available batteries needed for reasonable range and

performance. Further, in a fleet situation, first indications are that
the economics can be fairly attractive. These ventures are clearly

important to positive electric and hybrid vehicle reactions and thus
should be supported accordingly.

b. Low Visibility Projects
Amoag the developments falling into this classifications are:
(1) Battery
(2) Motor
(3) Inverter
(4) Controller
(S) Transmission (transaxle)
(6) Chargers/state of charge indicator
(7) Passenger comfort hardware

(8) Safety considerations




S e RESEEES | merunt v ¢t Ziozoo:

This 1list is little Aifferent than a corresponding list would have
been 10 yr ago. That is not to say that there has not heen progress,
there has. And, the progress has been significant in every category,
even impressive in some. However, none of the items have been
developed to the point where improvement (either technical or economic)
would not significantly improv. the electric vehicle.

1) Battery. As would have been the case 10 yr ago, the
battery need overshadows every other item on the list. Battery
improvements simply have not been nearly enough to make passenger
electric vehicles competitive with their internal combustion engine
counterparts. This is partly due to the massive improvements in the

interns) combustion engine vehicle in th¢ last 10 yr, but also partly
due to inadequate battery goals and inadequate attainment of those

goals.Both experimental work and system studies have shown the
importance of many other parameters having major significance in the

3ystem environment such as time-dependent factors like heat loss and
self-discharge.

Another important result from system studies is that the desirable
battery characteristics are clearly different for different electric
vehicle missions, and much different yet for hybrid vehicles.
Consequently, vehicle mission priorities should be established and
battery developments aimed at providing the most favorable
characteristics for those missions.

Therefore, for the short-term development support of batteries,
the following is recommended:

(1) Use continually updated system studiez based on the
latest battery information to establish desired
battery characteristics for several electric vehicle
and hybrid vehicle missions. The advanced vehicle
assessment results should be used until such time as
the need for updating with new information is
indicated. Establish priorities for these missions
based on potential petroleum displacement, and the
likelihood of obtaining an acceptable battery.

(2) Based on the mission priorities, establish realistic

battery performance goals (far beyond the classic
four).

(3) Investigate the feasibility of overcoming potential
show stoppers of an otherwise acceptable hattery
couple. These issues may incl.de self-discharge,
short cycle 1life, poor performance at partial
discharge, low energy efficiency, high initial cost,
possible safety problems, high maintenance
requirements, excessive volume requirements, etc.

(4) Encourage the development of any remaining
candidates. Note that the advanced vehicle assessment
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provides the first generation of this support, but it
is assumed that new information will be generated as a
result of the advanced vehicle assessment input.

2) Motor. The biggest concern with electric and hybrid
vehicle motors continues to be weight and cost. From these standpoints
the AC motor seems to have a clear advantage over its DC counterpart.
Unfo.'tunately, the success of the AC motor for electric vehicle
applicationg is unmistakenly tied to the inverter needed to provide the
alternating current. Therefore it is recommended that the development
of the AC motor continue but be biased by the concurrent effort cn an
acceptable inverter system.

It is also too early to determine the ultimate potential of some
of the more experimental motors such as the variable reluctance motor.
These exploratory efforts should continue, especially while there is
still some questions about an acceptable AC motor-inverter system.

3) Inverter. The development of an acceptable inverter
has already been mentioned as crucial to the AC motor. At the present
time, however, the inverter seems to be within reach, primarily based
on three separate efforts: General Electric/Ford, the Eaton AC-3 work,
and the JPL 40-kW inverter. While none of “hese is neceassarily the
final answer, the L2ton inverter has been constructed and has had
appreciable experimental evaluation and the General Electric/Ford

system will soon undergo evaluation. The JPL inverter, on the other
hand, appears to have some very attractive features but has had very

little experimental verification. All of these development efforts

should continue until the final potential is more clear. Unresolved
problems include combinations of weight, cost, stability, and

efficiency although they do not appear insurmountable.

4) Controller. This item is becoming less of a concern
as industry experience ana capability wita microprocessors grows. In

addition to rapidly increasing usage, there is a corresponding decrease
in cost and size of the required electronic hardware. Thus, while the

controller is not a trivial problem, neither is it the major concern
presented by the battery or inverter.

Again, presupposing a successful inverter development, a
significant portion of controller development effort should be directed
towards AC subsystems. In addition, with regard to hybrid systems, the
whole issue of energy management is still in very early stages, and has
thus far been based on the assumption that the controller could supply
whatever functions are necessary. This clearly needs to be verified
with hardware and software designs.

5) Transmissions. Even though there are thousands of
transmissions and transaxles available, few if any, seem particularly
well suited for electric and hybrid vehicle use. This is not really
very surprising considering the difference in speed-torque
characteristics and peak power requirements for electric and hybrid
vehicles versus internal combustion engine vehicles. Consequently,
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there is still a strong need for transmissions (or transaxles) with the
proper characteristics.

Probably the best choice from a performance (not cost) standpoint
is a high~efficiency continuously variable transmission. However,
gseveral studies including those by Eaton have indicated that a
lightweight, high-efficiency two-speed gearbox can be very effective;
a high-efficiency continuously variable transmission is also quite
elusive. Due to the torque-speed characteristics of the typical drive
motor, the electric vehicle gearbox should be capable of running
continuously and efficiently in any gear. Further, even though it is
clearly desirable to have an automatic shift, it has also become clear
that a manual override of some type is needed. This latter function
would certainly have to be compatible with protection of the machinery,
but apparently could be fairly easily accomplished though the
microcomputer functions and software which will already be integrated
in the system.

6) Charger/state-of-charge indicator. Especially where
commercial applications are envisioned, it is essential to have a
reliable state-of-change indicator and a reliable efficient means of
recharging the battery daily. It is not clear that an onboard charger
is critical for commercial applications, but it apparently is a
necessity for private noncommercial use.

Therefore, since the most immediate application (which might
result in a volume production) is the electric van, the highest
short-range priorities should be:

(1) Reliable state~of~charge indicator. Note this will
likely be battery dependent and as such should be tied
to batteries selected for further development.

(2) Reliable, efficient offboard charger (or onboard if
the projected characteristics would allow).

7) Pagsenger comfort hardware. Again the priorities for
short~-term development should probably be directed towards the
commercial van application. Thus the following are expected to be the
most important items:

(1) Heater and defroster
(2) Power brakes
(3) Power steering
Technically these items are gsimpler and require less power than
air conditioning. However, air conditioning is near the top of the

priority list for noncommercial applications and as such should be
continued if resources permit.

The heater and defroster represent the lower end of the concern
scale, not hecause they are not important but because off-the-shelf

82




hardware is essentially available. Pouwer brakes and power steering are
virtually necessities, since for the van and most car applications,
"bage" venicles will come equipped with both power accessories and the
electric vehicle conversion will definitely increase the operating
gross welght.

8) Safety considerations. While almost all electric and
hybrid vehicle work to date has addressed safety issues to some extent,
there has been little in the way of an organized effort. Since many
new concepts in batteries and drive systems are being pursued, a safety
program should be initiated. Certain questions should be posed and
reasonable answers should@ be expected with regard to every technology.
It seems possible that several of the technologies now being considered
will be eliminated, at least for certain applications, when the safety
issues are really pressed., DOE should pursue these safety
considerations actively.

Se Analysis and Simvlation Support

There has been a trend of increasing sophistication in analyses
and simulation which needs to be continued. Partially, this trend has
come about as a result of vastly improved and more accessible computer
facilities, and partly because many earlier results were simply shown

to be irvalid. There are three areas where it is especially important
to continue improving analysis cipabilities:

(1) System assessments
(2) Battery and component models

(3) Vehicle use models

a. System Assessments

No single activity has done as much to put technologies in
perspective as the system assessments. In addition to showing the
overall effects of inherent strengths and weaknesses, the system
assessments showed the importance of optimization. OCptimization in
this sense means that the technologies are optimized for the
application as opposed to a vehicle. Application includes use (e.g.
taxl or family car), environment (unprotected in Chicago vs garaged in
Miami), load factors (one or two persons vs carpool), etc.

The interrelationships between subsystem and system optimization

are clearly evident with system studies. Energy management concepts
and subtle differences in component arrangements make significant

differences in ererqgy efficiency and life cycle costs.
One could conclude that the important system assessment work has

really only begun. This is especially true for hybrids and advanced
vehicles. The first generatinn of these studies initially used rather
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rigid and very limited envelopes of battery and component
capahilities. Those studies showed glaring deficienciesa which would
have made many nof the technoloqies totally noncompetitive. The
technology researchers reacted by expanding the envelopes and
emphasizing the flexibilities of the various technnlogies.

Even though some results have been obtained taking into account
the larger envelopes, much remains to be done in this area. For
example, no attempts have been made to optimize energy managements,
choice of technology, and component performance simultaneously. It is
very important that this work continue so as to provide direction for
continued developments. The present JPL/University of Florida efforts
to develop a simulation/optimization code is a move in this direction.

b. Battery and Component Models

As a group, battery and other component models are in rather sad
shape. Since system assessments have shown the importance of
accurately portraying component capabilities, this is rapidly being
recognized as a major problem area.

For example, none of the commonly used battery models include the
effects of aging, environmental factors (such as ambient temperature),
depth of discharge or level of recharge, the time distribution of
"rest" periods, maximum discharge rates, etc. While many of these
factors and others could be considered "second order" effects, they are
not negligible and there is no reason to ignore them. The availability
of computers and elegant software to assist the researcher makesz it
unreasonable not to update and improve the various models. Other
examples where moduls are needed are drivetrain dynamics (to help
isolate the cause and cures of AC subsystem low-speed instabilities),
the time-dependent behavior of flow systems and batteries with
significant self-discharge, realistic behavior of clutches, behavior of
power steering and brakes, air~conditioning subsystems, and many others.

This is critical if simulation is ever to go to the next level of
sophistication, therefore, it might ke an appropriate theme of a
near~term national seminar (similar to the JPL 1980 and 1983
seminars). Everyone would benefit from the dissemination of such
information and it would clearly show where priorities exist for
improving modeling capabilities.

Ce Vehicle Use Models

(Jse models are needed for each type of vehicle application where
there is a potential for displacing significant quantities of
petroleum. This would include the company car use, commuter car, and
both single and dAual car family use. In addition, taxis, postal
sexrvice vans, nonpursuit police cars, utility vans, and various

delivery vans should be considered. Use patterns in this context mean
far more than driving cycles. It would include other important factors

such as chronological distributions of driving cycles, rest periods,
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periods available for recharge, facilities available, enviranmental
factors, typical load factors, and nther factors deamed important.

This concept, whils very important in internal combustion engine
vehicle applications is paramcnint for electric and hyhrid vehicles.

Put simply, if the final capabhilities of the vehicle are inadequate for
the final vehicle use, the vehicle will be viewed in a very negative
sengse. On the other hand, if the design goals are for capabilities
beyond those required for the end use, either the vehicle will be
excessively heavy and/or expensive, or it will never be huilt because
of being beyond the range of the technology.

Undoubtedly much of the information needed for these models is
availahble. Other parts would have to be estimated or obtained from
some type of inquiry. Even so, it is evident that there is a far
better chance of having an acceptable electric or hybrid vehicle if it
has a bit of "real world" built into it. This can only be done through
judicious modeling, or, an extensive period of "cut and try". The "cut
and try" approach no: only seems unworkable, it seems to be the most
direct route to the total demise of electric and hybrid vehicles. DOE
should actively pursue the development of a complete set of vehicle use
patterns for the range of vehicles of interest.

6. System Function Support

The previous five recommendation categories are not independent of
each other and must not be considered as such. Therefore, this last
recommendation category is presented primarily as a means of connectiag
in a coherent manner all of the simultaneous activities. The system
function is simultaneocusly the glue that holds everything together, the
pattern which gives the individual threads direction and meaning, the
rejuvenator for replacing tired ideas, and the interpreter for giving
meaning to abstract ané seemingly unrelated inputs. The system
function is always present when goal-gsetting, planning, and development
activities are occurring within a single identifiable group activity.
However, unless this function is formally instituted and receives
appropriate attention, the results will be compromised. The point is
that this is an extremely important function in maximizing the worth of
the output from all efforts. Yet at the same time it is less tangible
and, as such, often conveys a lower gense of priority than other
activities.

a. Integration

The system integration effort should not be confused wich

coordination. Integraticon in the system sense means establishing a
rational connection among planning, qoal-getting, and development
activities. The alternative to proper integration is a set of more or

less autonomous efforts which may or may not be additive in the
accomplighment of some common gcal.

Integration is not easy since many R&D groups prefer the more or
lesas autonomous activity concentrating on their subset goals which they
pwerceive (usually) to be compatible with and necessary to program
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goals. infortunately, this approach strongly ties program

accomplishment to the paerception of individualas well removed from the
program.

Thusa the need for a program system integratinn function is clear.
What is nnt ~lear is the most effective way for DOE to implement it.
The alternatives are: (1) totally within DOE, (2) within DOE with

outside assistance, or (3) outside DOE with continunus input to DOE.
The choice of implemantation alternatives will depend on several

factors including budget and/or manpower restrictions, political
considerations, and the availability of suitable system-oriented people.

he Feedback

The feedback function is of course not truly separable from the
integration function just described. However, several recent
a~tivities have served to demonstrate the necessity of an active
feedback loop connecting development to planning, goal setting and
other portions of the program. Without the feedback loop, at least two
undesirable events can occur:

(1) The developers acquire myopia and do not consider the
possibility that their goals are inappropriate or
incomplete.

(2) The users of a developing technology acquire an
unwillingness to interfere and do not press the
developers for more flexibility.

The consequences of these two events are that both program and
tezhnology fall short and are viewed in a more negative light.
Consequently, DOE needs to be constantly seeking feedback at all levels
and feeding it into the integration function. Only in this way, with
all important functions integrated and tied together with appropriate

feedback loops (e.g., refer to Figure 10), will the progress of the
effort be maximized.

B. LONG-TERM RECOMMENDATIONS (1990-2000)

Obviously, the uncertainties of the short range (1985-1990) are
magnified when ronsidering the longer range course of action. However,
of the many po-+ibilities, the answer to these two major questions will
dictate the future projections:

(1) 1s the Electric ar Hybrid Vehicle Program still
viable in 19907

(2) Is petroleum still relatively abundant at a reasonable
price?

Only if the anawer to both is yes will long-term recommendations

be meaningful. Even under those circumstances, there will be biases,
unknnwn at present, due to successes and failures, hudget and manpower
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Limitations, political and economic factara, ate which will diractly

aftfact pragram deciaions. However, it in ponrihle to project two areas
of qeneralization where long-range recommendationg are appropriate:

(1) The developnent of a critical base for a
gaelf-gustaining technnlagy

(2) The nurturing of appropriate high-risk technonlogies

This does not mean to imply that all of the short-term activities
will ceage. Clearly they will continue, but they will be subject to an
updated sget of short term recommendations in about 1990. The long
range recommendations, however, refer to activities that are already
underway (to some extent) and should be continued and modified as
appropriate to bear fruit in the 1990-2000 time period.

1. The Development of a Critical Base for A Self-Sustaining Technology

The electric and hybrid vehicle community at present (and most
likely through the short range period) is fragmented and in a somewhat
precarious position. This is due to the lack of a competitive market
for their electric and hybrid vehicle-related products and/or
services. In other words, they are not associated with a
self-gustaining technology.

The desired methods for the technology to become self-sustaining
is through a combination of market "pull" and technology "push". To a
great extent the "pull" is associated with a lack of petroleum
availability and/or a high price. But this recommendation precludes
the influence of scarce petroleum. The push, on the other hand, is
largely associated with the ability to offer an electric or hybrid
vehicle which is attractive to buyers without scarce petroleum.

Unfortunately, developing the technical base for the "push" is very
expensive and time-consuming.

The challenge, then, is to massage the electric and hybrid vehicle
community and their individual activities to the point where even
without the type of pull and push referred to, their progress will be
self-sustaining. The most likely way of accomplishing this formidable
ragk is to find applications for the technologies outside electric and
hybrid rehicles, and conversely to look for electric and hybrid vehicle
adaptations of otherwise developing technologies.

Examples of electric vehicle technologies which already appear to
be approaching the self-sustaining state are the AC inverter/controller
and bipolar lead/acid batteries. There are others which could reach
this state with a comhination of technical successes and moderate

support from DOE. Examples are high-efficiency continuously variable
transmigsion, improved electric motors (both DC and AC), low-power

environmental rcontrol subgystems, and improved charger/state of charge
indicators. Equally important, but more Adifficult for which to find
co-gupport, are other hattery couples and nonconventional power sources.
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Clearly, sinme a self-sustalning technoloyy is highly desirable,

. D0E _should provide support to thoge which could combine to form a

technical base for future electric and hybrid venlcle support, and have

the promise of becomlng aelf-sustaining in this tlme period. Among
thoge with high support priority are:

(1) Improved confinuously variable transmission
(2) Improved drive motors
(3) High effirciency environmental control

(4) Improved chargevr/state~of-charge indicators

(%) Promising battery couples (for both electric and
hybrid vehicle and other applications)

2. The Nurturing of Appropriate High~-Risk Technologies

Into this category fall those technologies which offer high
potential payoffs for electric and hybrid vehicles (if successful), but
have relatively low probability of success and few apparent
applications outside electric and hybrid vehicles. These technologies
have the common characteristics of being long-range, expensive, and

high risk. They are unlikely to find appreciable support outside DOE
and thus will probably compete enthusiastically for DOE funding.

Without a doubt, some of these infant technologies should receive
long-term support from DOE. However, it is just as certain that not
all which deegire support can (or should) receive it. Unless resources
are urlimited (highly unlikely), then attempting to support too many

high risk activities will dilute each effort to the point that it might
be meaningless.

Therefore, the main query for DOE is to determine what are
"appropriate” high-risk technologies and how %o prioritize them. Part
of the answer lies in results of studies like the advanced vehicle
assessment since that represents an effective method making of
intelligent comparisons. That this is only part of the answer is due
to the fact that even carefully conducted studies like the advanced
vehicle assessment are limited by the scarcity of input data. Since
the technologies are in their infancy, many of the performarn.:e
parameters and possibly most of the economic parameters are based on
speculation. And all speculations are not created equal. The advanced
vehicle assessment also showed that while this is the correct approach,
one study ias not sufficient. It was found that apparent glaring
deficienclies in various technologies could be overcome with relatively
minor desiqn changea and that apparent "winners" had major problems
previously unnoticed. Thus, the advanced vehicle assessment study
needs to be "updated" periodically as new information is made
available, and conversely the results of the studies need to be used to
"improve” the technnlngies. Note that perhaps it is also time to
reconglder the agssumed missions of the advanced vehiclesg, bagsed on a
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more realiatic appraisal of the capabilities of all~electrica and

hyhrids. While the missions must be competitiva with a megment of
internal combuation enqgine applicatinna, they must alsan he realistic
from a deaign satandpnint.

In summary, DOR ghould support, (at a level compatible with
availabhle resources hut ahove a "critical” level), one or more
high-risk, potentially high-payoff technologiea which would otharwise
fold. The tachnologies to be supported should he comparaed with
alternative technologies from both a performance and aconmmic

standpoint using periodically updated system assesament s*udies as
guides.
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